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Preface 


In 1979 the International Commission on Physics Education published a 
volume to celebrate the centenary of Albert Einstein’s birth, a volume that 
eventually appeared in four languages and reached an extensive interna- 
tional readership. There can be little doubt that Einstein, quite apart from 
the respect in which he is held by all scientists, also holds a unique place in 
the public imagination, and the success of the centenary volume owed 
much to that. 

The subject of this companion volume, Niels Bohr, is different in that his 
name, although known to almost every student of natural science, is not 
widely recognized by the public. And yet, as we worked on the material for 
this book, it became overwhelmingly clear to us that here was a man who 
through his work, his imagination, and his personality had made a unique 
contribution to science —a contribution that deserved to be far better 
known. We became convinced, in fact, that Bohr was the one physicist of 
this century, besides Einstein, whose life and work were so wide-ranging 
and important that a commemorative book about him might have a broad 
appeal. 

As with the Einstein volume, we have aimed to produce a book that will 
interest the general public, as well as professional physicists and teachers of 
science. The articles vary widely in character and in the level of scientific 
background assumed, and we can hardly expect that all readers will want to 
go through the book from cover to cover —although perhaps we secretly 
hope that they will. But most important, we hope to have given in these 
pages some sense of Bohr as a man, as the acknowledged leader of a group 
of brilliant intellectual innovators, and as a figure on the world stage. We 
hope, too, that the historical details, described in many instances by those 
who participated in them, will give a more general picture of a great era in 
the development of physics, and a feeling for the diversity of human effort 
that it involved. 

The creation of this book would have been impossible without generous 
cooperation from many sources. First of all, of course, come those who 
have given their time and effort to contribute original articles and reminis- 
cences bearing on the various periods and aspects of Bohr’s life; we owe 
them an immense debt of gratitude. Then there are the organizations that 
provided financial and other support for the preparation of the book. We 
gratefully acknowledge financial contributions from Unesco, from the 
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Institute of Physics (U.K.), and from the International Union of Pure and 
Applied Physics. We also received much help and advice from the Center for 
History of Physics of the American Institute of Physics (especially Joan 
Warnow) and from the Niels Bohr Institute (especially Dr. Erik Riidinger). 
Special thanks are also due Maurice Ebison, Education Secretary of the 
Institute of Physics, for his contributions to the stock of quotations from 
which our selection of marginal quotations was made, and Professor E. J. 
Burge, Chelsea College, London, who provided {as he did for the Einstein 
volume) the photographs for a montage of interesting and relevant postage 
stamps. 

For those who are not familiar with the International Commission on 
Physics Education (ICPE), we should like to mention that this commission, 
established in 1960, is one of a number of commissions of the International 
Union of Pure and Applied Physics. The ICPE, with a membership of about 
twelve persons, each from a different country, has as its main concern the 
stimulation and promotion of international cooperation in physics educa- 
tion. As with the Einstein centenary volume, royalties from the sale of the 
present book will go to support the work of the Commission. 

We ourselves, during the three years we spent planning and preparing 
this book, have come to feel an almost personal relationship with Niels 
Bohr, and an ever-growing admiration for what he achieved. We hope that 
others, in reading the book, will understand these feelings and perhaps 
come to share them. 


APE. 
PK. 
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1885 
1887 
1903 


1905 
1906 - 1907 


1909 


1911 
1911-1912 


1912 


1913 


1914 - 1916 
1915 


1916 


1917 


Niels Bohr is born on October 7, in Copenhagen. 
Brother, Harald, is born on April 22. 


Bohr leaves Gammelholm School, enters University of 
Copenhagen. 


Albert Einstein publishes special theory of relativity. 


Research on surface tension of liquids for Royal Danish 
Academy competition. Bohr is awarded Gold Medal. 


Receives master’s degree. Publishes medal-winning work 
on surface tension. 


Receives doctorate. Thesis on electron theory of metals. 


Bohr in Cambridge. Meets J. J. Thomson. Ernest 
Rutherford postulates the nuclear atom. 


Bohr joins Rutherford at Manchester; meets George de 
Hevesy. Appointed assistant at University of Copenhagen. 
Marries Margrethe Norlund. 


W. H. Bragg, W. L. Bragg, Henry Moseley, and Max 
von Laue develop x-ray spectroscopy. Bohr’s trilogy, “On 
the Constitution of Atoms and Molecules,” is published. 
Bohr appointed lecturer at University of Copenhagen. 


Holds Schuster Readership at Manchester University. 


Arnold Sommerfeld generalizes the orbital quantum 
conditions. Albert Einstein develops general theory of 
relativity. 


Bohr appointed professor of theoretical physics at 
University of Copenhagen. Hendrik Kramers comes to 
work with him. 


Bohr elected to Royal Danish Academy. Begins planning 
the Institute for Theoretical Physics. xi 
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1918-1922 


1919 


1920 


1921 


1922 


1923 


1924 


1925 


1926 


1927 


1928 


1929 


Publishes three papers under the general title “On the 
Quantum Theory of Spectra,” embodying the develop- 
ment of the correspondence principle. Oskar Klein comes 
to Copenhagen. 


Rutherford discovers nuclear disintegration caused by 
alpha particles. George de Hevesy comes to Copenhagen. 


Bohr visits Berlin. Bonzenfreie Kolloquium. Meets Max 
Planck, Einstein, and James Franck. Rutherford visits 
Copenhagen. 


Bohr awarded the Hughes Medal of the Royal Society. 
University Institute for Theoretical Physics (“Bohr 
Institute”) opens. 


Bohr visits Cambridge University (Rutherford now 
Cavendish Professor). Visits University of Géttingen. 
Bohr Festspiele. Meets Wolfgang Pauli and Werner 
Heisenberg. Pauli joins institute. Bohr publishes theory of 
the periodic system. Identification and discovery of 
hafnium (element 72). Bohr receives Nobel Prize for physics. 


First visit to the United States. Meets Albert Michelson 
and Arthur Compton. Offered Royal Society chair at 
Cambridge University. John C. Slater arrives in Copen- 
hagen. 


Visits to institute by Friedrich Paschen, Max Born, and 
Heisenberg. Rockefeller International Education Board 
donates $40,000 for expansion of facilities. 


Foundation of matrix mechanics (Heisenberg). Discovery 
of the exclusion principle (Pauli) and electron spin 


(Uhlenbeck and Goudsmit). 


Heisenberg revisits institute; Kramers and Hevesy leave. 
Visits by Erwin Schrodinger, P. A. M. Dirac, and Samuel 
Goudsmit. Bohr elected a Foreign Member of the Royal 
Society. 


Uncertainty principle (Heisenberg) and complementarity 
argument (Bohr) are formulated. Dirac develops relativis- 
tic electron theory. Como conference. Fifth Solvay 
conference (the Bohr-Einstein debates). 


George Gamow arrives at institute; Nevill Mott visits. 
Birth of liquid-drop model of nucleus (Gamow). 


First of annual institute conferences. Hendrik Casimir 
visits Copenhagen. Ernest Lawrence invents the cyclotron. 


1930 


1932 


1933 


1934 


1936 


1937 


1938 
1939 


1940 
1943 


1944 
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Visits to institute by Lev Landau and Rudolf Peierls. Bohr 
awarded Planck Medal of Deutsche Physikalische 
Gesellschaft. J. D. Cockcroft and E. T. S. Walton achieve 
first artificial nuclear transmutations. 


Bohr family moves to Carlsberg House of Honor. James 
Chadwick discovers the neutron. 


Bohr works on quantum electrodynamics with Léon 
Rosenfeld. Develops measurement theory for electromag- 
netic fields. Begins aid for refugee scientists. Otto Frisch 
visits institute. Bohr, with his wife, visits the United 
States, stopping at University of Chicago and California 
Institute of Technology. Meets Robert Millikan and 

J. Robert Oppenheimer. Seventh Solvay conference (on 
nuclear physics). 


Frisch joins staff of institute. Next door, the University 
Institute of Mathematics opens, with Harald Bohr as 
director. The Bohrs’ eldest son, Christian, is drowned in 
a sailing accident. Iréne and Frédéric Joliot-Curie discover 
artificial radioactivity. Enrico Fermi publishes theory of 
beta decay. 


Bohr develops compound-nucleus theory, with Fritz 
Kalckar. 


Bohr, with wife and son Hans, makes six-month trip 
around the world. Visits United States, Japan, China, and 
USSR. Death of Rutherford; Bohr attends funeral at 
Westminster Abbey. 


Installation of cyclotron at Bohr Institute. 


Discovery of nuclear fission by Otto Hahn and Fritz 
Strassmann, and Lise Meitner and Otto Frisch. Reported 
by Bohr during visit to United States. Bohr and John 
Wheeler write classic paper on theory of fission. Bohr 
elected president of Royal Danish Academy of Sciences. 
World War II begins. 


German occupation of Denmark. 


Bohr and family escape to Sweden. Bohr, with son Aage, 
proceeds to Britain and the United States (Washington 
and Los Alamos). 


Meetings with Roosevelt and Churchill. Xili 
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1945 


1946 


1949 
1950 
1952 


1955 


1957 


1958 


1961 
1962 


First atomic bomb exploded. Hiroshima and Nagasaki 
destroyed. World War II ends. Bohr returns to Denmark 
in August. 


Abraham Pais becomes first postwar foreign member of 
Bohr Institute. 


USSR detonates a fission bomb. Bohr revisits United States. 
Open letter to the United Nations. 


United States explodes its first hydrogen bomb. Founda- 
tion of CERN. 


First “Atoms for Peace” conference (Geneva). Death of 
Einstein. 


Bohr receives the first Atoms for Peace Award. NOR- 
DITA established in Copenhagen. 


Bohr appointed chairman of Danish Atomic Energy 
Commission. Delivers Rutherford Memorial Lecture. 


Bohr works on theory of superconductivity. 


Bohr dies on November 18, in Copenhagen. 


Bohr’s influence on science is only partially expressed in his 
published work, great as this was. He led science through the 
most fundamental change of attitude it has made since Galileo 
and Newton, by the greatness of his intellect and the wisdom 
of his judgments. But quite apart from their unbounded 
admiration for his achievements, the scientists of all nations felt 
for him an affection which has perhaps never been equalled. 
What he was counted for even more than what he had done. 


G. P. Thomson, 
Niels Bohr Memorial Lecture, 1964 
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A Short Biography 


P J. Kennedy 


Niels Henrik David Bohr was born into a comfortable Danish home on 
7 October 1885, the first son of Christian and Ellen Bohr. Eighteen months 
later his brother, Harald, was born and there began a friendship, filled with 
affection and respect, that was to last until Harald’s death in 1951. This deep 
friendship was the first of several that Bohr was to inspire and enjoy and 
that illuminate the record of his eventful life. 

Bohr’s father was a university professor, a famous physiologist and a lover 
of science, and his mother (née Ellen Adler) was a generous, intelligent and 
liberal woman. Niels, Harald, and their older sister, Jenny, grew up in a 
cultured and stimulating home. From their earliest days they were exposed 
to a world of ideas and discussion, of conflicting views rationally and 
good-temperedly examined, and they developed a respect for all who seek 
deeper knowledge and understanding. 

Even in childhood Bohr admired the qualities and abilities of his younger 
brother, and he saw himself justified when Harald, having obtained his 
doctorate two years earlier than Niels, went on to become a distinguished 
mathematician. Nevertheless, both father and brother regarded Niels as 
“the special one of the family,” and they expected some exceptional contri- 
bution from him even though his school career was successful without 
being outstanding. His schooldays did, however, show his increasing inter- 
est in physical science and mathematics, as well as other qualities that were 
to play an important and valuable part in his later scientific career. He 
formed friendships at school that were to last and grow throughout his life, 
and he early showed his ability to inspire affection in others and to enable 
others to express their own best qualities —an ability that was later to 
contribute in an essential way to the success of the Copenhagen School. 

It was at the University of Copenhagen that Niels Bohr’s gifts as a 


P. J. Kennedy, a coeditor of this 
book, studied at Oxford University 
and at Trinity College, Dublin. He is 
now Senior Lecturer in the Physics 
Department at the University of Ed- 
inburgh. He served for a number of 
years as Secretary of the International 
Commission on Physics Education, 
and has helped organize many of its 
activities. 
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Niels and Harald Bohr as young students 


and in later life. Niels is at right in both 


photos. 





scientist became recognized. At the age of twenty, he was awarded the Gold 
Medal of the Royal Danish Academy of Sciences and Letters for his prize 
exercise on the measurement of surface tension by the study of vibrating 
fluid jets. This careful and complete piece of research, both experimental 
and theoretical, drew upon and extended the work of the renowned Lord 
Rayleigh, and served to give Bohr particular insight in his later work on the 
liquid-drop model of the nucleus. 

Although Bohr worked very hard at his studies, he also played hard, and 
no account of his life would be complete without mention of his enthusi- 
asm for sports. In soccer, especially, he was an expert — although not quite 
so much as Harald, who won a place on the Danish Olympic team in 1908. 
Both brothers became nationally famous for their achievements on the 
soccer field. 

Both for his master’s degree and for his doctorate (1911) Bohr studied the 
electron theory of metals. Although these studies were successful, it was in 

4 this work that he began to be aware of the difficulties and limitations of 


1, Dr. Bohr. 
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Report on Bohr’s defense of his doctoral thesis, published in the newspaper Dagbladet, 
Copenhagen. 
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Dear Dad: I'm so glad you liked the 
notes on Jeans. I'll bring the 
notebook home and we can go over 
it. He has been doing the pressure] 
of radiation business lately, and 
according to him it is the most utter 
rot. I got an awful lot from a Dane 
who had seen me asking Jeans 
questions, and after the lecture came 
up and talked over the whole thing. 
He was awfully sound on it, and 


most interesting. His name was Bohr, 


or something that sounds like it. 
W. L. Bragg (then a student at 
Cambridge) to W. H. Bragg, 1911 


classical physical theory in the description of electron behavior and of the 
need for some radically different mode of description for atomic processes. 

This work foreshadowed his later contributions to quantum theory and, 
at the same time, stimulated his interest in philosophy and epistemology, an 
interest he was cultivating through his readings in philosophy and theol- 
ogy, through his attendance at the lectures of the philosopher Harald 
Hoffding and through his membership in Ekliptika, a discussion group 
made up of philosophy students. He began to recognize the complex role 
and the limitations of ordinary language in our description of phenomena, 
and the need to accommodate apparently conflicting aspects in order to 
form complete descriptions. He was convinced that “there is no point in 
trying to remove such ambiguities; we must rather recognize their exis- 
tence and live with them.” Such early ideas, which were never lost to Bohr, 
reappear later in his major contribution to physics and epistemology: the 
complementarity argument? 

Throughout these early years, Niels Bohr maintained with his brother a 
warm and trusting correspondence in which they exchanged news and 
discussed their awakening philosophies. Bohr became a prolific and indus- 
trious correspondent and left a legacy of interesting and apparently sponta- 
neous letters. In fact, they were far from spontaneous but were, like his 
scientific papers, written in their final form only after multiple drafts and 
painstaking revisions. As early as 1911 Bohr began enlisting the aid of an 
amanuensis —at first his mother and, later on, his wife, his sons, or his 
colleagues. 

In 1910 Bohr met Margrethe Norlund, and in August 1912 they were 
married. This began for him yet another durable and fulfilling relationship 
which was to sustain him until his death. The Bohrs had six sons of whom 
four survived to adulthood, and Niels Bohr’s later years were filled with the 
pleasure of his many grandchildren. In 1911, in the period between his 
engagement and his marriage, Bohr made his first visit to Britain, to the 
Cavendish Laboratory in Cambridge. The head of the Cavendish at the 
time was J. J. Thomson, the doyen of atomic physics and discoverer of the 
electron. Bohr had hoped to interest Thomson in his own work on the 
electron theory of metals but was unable to do so, and he spent his first few 
months in Britain feeling somewhat frustrated. Then he met and impressed 
Ernest Rutherford, the professor of physics at the University of Manchester, 
who had recently devised the new “massive nucleus” model of the atom. 
Their association, starting as a mutual recognition of worth between the 
exuberant practical experimenter and the thoughtful young Dane, devel- 
oped and deepened throughout a quarter-century of friendship and collab- 
oration, gradually approaching the best type of father-and-son relationship. 


* At the end of this volume is a glossary containing many scientific terms used in the text 
that may be unfamiliar to readers. Those having special importance to a particular discus- 
sion have been italicized. 
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In Manchester, to which he was soon invited, Bohr found a stimulating 
atmosphere and congenial colleagues. It was there, in the spring and early 
summer of 1912, during a period of almost continuous work, that he made 
several important contributions to atomic physics: he helped clarify the 
nature of radioactive transformation, was probably the first person to 
recognize the basis of nuclear isotopy, and developed a theory of the energy 
loss of alpha particles as they passed through matter — a topic that engaged 
him throughout his life. At the same time, using the Rutherford atomic 
model, he began to work out the ideas of atomic stability that were to lead 
to the quantum description of atomic structure. In 1913 Bohr published 
these last ideas in three articles in the Philosophical Magazine, where he set 
out his startling attempt to combine aspects of classical physics with the 
concept of Planck’s quantum of action. This new theory yielded impressive 
quantitative agreement with measurements in atomic spectra. The three 
famous papers, the Trilogy,” formed the foundation of Bohr’s early reputa- 
tion. His work, although not immediately accepted by everyone, intrigued 
his contemporaries and made them aware of the need for a new way of 
describing events at the atomic level. The Bohr atom, although it has been 


Niels Bohr with Margrethe at the 
time of their engagement and, many 
years later, in the garden of the 
Carlsberg House of Honor. 
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Niels Bohr with his sons, about 1927. 


superseded scientifically, persists even today in the minds of many people as 
a vivid image of what atoms look like and as a symbol of physics. 

Having spent the early years of the First World War in Britain, in 1916 
Bohr returned to the University of Copenhagen, where the advantages of 
teaching theoretical physics as a separate discipline had been recognized by 
the establishment of a Chair of Theoretical Physics, a chair created espe- 
cially for him. 

Within a few months Bohr made another acquaintance which, like 
many others, was to develop into a lifelong friendship. Hendrik Kramers, a 
young Dutchman, eager to find a place removed from the rigors of war, 
applied to Bohr for a post and received an appointment. In the years that 
followed, the two men collaborated on scientific papers, planned and ran 
the new University Institute for Theoretical Physics (later to become the 
Niels Bohr Institute) and, in the disillusioned years after the Second World 
War, worked together for the limitation of nuclear weapons and for the 
extension of international cooperation. In 1918 Bohr published “On the 
Quantum Theory of Line Spectra.” This paper presented a detailed elabo- 


ration of the correspondence principle, which Bohr had introduced in 1913. In 
the skilled hands of Bohr and Kramers, this principle proved a powerful 
tool for elucidating the fine structure of spectra, and for predicting spectral 
intensities, transition probabilities and selection rules with considerable 
accuracy. The principle was never so fully understood or exploited by 
physicists elsewhere. 

Soon after the paper on spectra was published, Bohr found himself 
heavily engaged in the planning —and frequent replanning — of the new 
University Institute for Theoretical Physics to be built in Copenhagen (and 
which, despite its name, was to undertake experimental as well as theoreti- 
cal research). Within a very few years of its opening in 1921, this unpreten- 
tious building in the capital city of a small country was to become one of 
the best-known places in all of physics. The list of visitors over the next two 
decades — who came for a few weeks, a few months, or perhaps years — 
reads like a roll-call of the founders of quantum mechanics. There and in 
their home, Niels and Margrethe Bohr created an atmosphere in which 
young minds from all over the world wrestled with the deepest problems of 
their subject. This intensely interactive enterprise, constantly changing in 
its participants but always led and shaped by the mind and personality of 
Niels Bohr, came to be known as the Copenhagen School of physics. 

In 1922 Bohr made his next major contribution to physics through 
several papers on the theory of atomic structure and the periodic system of 
the elements. Later in the same year he was awarded the Nobel Prize in 
physics “for his services in the investigation of the structure of atoms and of 
the radiation emanating from them.” In his Nobel speech, Bohr surveyed 
the state of the quantum theory and the progress that had been made in 
applying it to the problems of atomic structure, but he took pains to point 
out the limitations and weaknesses of the theory. He was more acutely 
aware of these and more perturbed by them than were others who had 
accepted his ideas less critically. 

In the years following, Bohr continued to publish work in atomic phys- 
ics, including a highly controversial paper with Kramers and John Slater. 
Although Bohr himself had formulated the first quantization rules for the 
emission process of radiation, this paper revealed his continuing disinclina- 
tion to accept the concept of the photon. With the arrival of Werner 
Heisenberg and Wolfgang Pauli in Copenhagen, Bohr’s role became less 
that of an initiator in the progress of quantum physics and more that of a 
support, a mentor, and a penetrating critic of those who were leading the 
way. His mind returned to some of the preoccupations of his early days: the 
physical interpretation of the mathematical formulations of quantum me- 
chanics, the importance of seeking to define the boundary between a 
measuring apparatus and the measured object, and the place of language in 
making explicit the outcome of such measurements. These considerations 
of many years were brought together in his paper ““The Quantum Postulate 
and the Recent Development of Atomic Theory,” presented at the Volta 
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Prof. N. Bohr! To begin, let me 
introduce myself, by telling that I am 
a Dutch student in physics and 
mathematics. I've studied 4 years in 
Leiden . . . As I didn’t like to go to 
a country that is in war now, I 
decided to go to Copenhague, and 
hope to study now mathematical 
physics . . . Of course I should like 
very much to come in acquaintance 
with you in the first place, and also 
with your brother Harald. Therefore 
I should be very glad, if you would 
permit me to visit you one of these 
days. 

H. A. Kramers to Niels Bohr, 

25 August 1916 


I have been very pleased with my 
collaboration with Dr. Kramers who, 
I think, is extremely able, and of 
whom I entertain the greatest 
expectations. We have worked 
together on the helium spectrum. 
Niels Bohr to C. W. Oseen, 
28 February 1917 
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Belgium 1966 SG. 1974 European chemical plant, Mol 

Greece 1983 SG. 1632 First International Democritus Congress 

Spain 1967 S.G. 1848 Radiology Congress, Barcelona, with portrait of Wilhelm Roentgen 
Czechoslovakia 1964 SG. 1452,3 Czech engineering 

Denmark 1963 = S.G. 455.6 Fiftieth anniversary of Bohr’s atomic theory 

Romania 1971 SG. 3881-4 Centenary of Rutherford’s birth 

East Germany 1980 S$G.2214-9 Honoring Frédéric Joliot-Curie, in a series on celebrities’ birth anniversaries 
Afghanistan 1958 SG. 437.8 Atoms for Peace 

USSR 1967 S.G.3382-4 World’s Fair, Montreal 


United Nations 1978 SG. 2989 Peaceful uses of atomic energy 


Brazil 1963 SG. 1084 First anniversary of the National Nuclear Energy Commission 
Ceylon 1969 = SG. 555-8 Educational centenary 
Yugoslavia 1961 SG. 982 International Nuclear Electronics Conference, Belgrade 


United States 1955 S.G. 1072 Atoms for Peace 


Turkey 1963 SG. 2015-7 First anniversary of the opening of the Turkish Nuclear Research Center 

Israel 1969 = SG. 431 Twenty-fifth anniversary of the Weizmann Institute of Science 

Sweden 1982 SG. 1134 Honoring Bohr, in a series commemorating Nobel Prize winners in atomic physics 
West Berlin 1958 SG. B175,6 German Catholics’ Day 
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Commemoration Conference held at Como, Italy, in September 1927. In 
his presentation, Bohr spoke of the epistemological problems of quantum 
mechanics and set out his complementarity argument —a principle which 
he was to continue to develop and extend until the end of his life and which 
he came to believe was his major contribution to our understanding of 
nature. Bohr believed that this principle had great general usefulness, and 
he endeavored for many years to apply it to physiology, psychology, and 
other disciplines. 

These new ideas were soon put to stringent test in discussions with 
Albert Einstein at the Fifth Solvay Conference,> which took place a few 
weeks after the Como gathering. Bohr and Einstein had first met in 1920 
and had soon opened a series of discussions which, conducted with mutual 
pleasure and respect, continued for many years and became part dialogue, 
part duel, and part crusade. They disagreed on many things, including 
causality, the meaning of reality, and the incompleteness of quantum-me- 
chanical descriptions, and for nearly twenty-five years each tried, by inge- 
nious argument and subtle logic, to convince the other. 

In 1932 the Bohr family moved from their quarters in the institute to a 
beautiful mansion at Carlsberg. Under the terms of the Carlsberg Founda- 
tion, the mansion was intended for the use of an “outstanding citizen of 
Denmark,” and in 1931 the Royal Danish Academy of Science and Letters, 
of which Bohr was later to serve as president for many years, had offered the 
mansion to him as his home for life. The house became not only a family 
home for the Bohrs’ children and grandchildren, but also a haven for the 
many young colleagues and visitors who stayed there, and a convivial 
meeting place for scientists, artists, and politicians from all over the world. 

For the next few years Bohr continued to develop his ideas, both in 
physics and in epistemology. He published works dealing with the problem 
of measurement in quantum electrodynamics; an essay entitled “Light and 
Life,” explaining his application of the complementarity argument to biol- 
ogy; and a paper entitled “Can Quantum-Mechanical Description of Physi- 
cal Reality Be Considered Complete?”— a response to the famous Einstein, 
Podolsky, and Rosen paper of the same title. During this period Bohr and 
his brother, who was at that time director of the Mathematics Institute 
(which had been built adjacent to the Institute for Theoretical Physics) 
became deeply involved with a Danish group that had been formed to offer 
support to scientists and other intellectuals who were forced to flee their 
homeland by the racial policies of the National Socialist government in 
Germany. Their two institutes acted as a temporary refuge for many of the 
greatest names in German physics, and the brothers dedicated themselves to 
finding new posts for those who had suddenly become stateless and unem- 
ployed. 

Beginning in about 1934, Bohr made his next major contribution to 
physics through his work in nuclear physics, in particular his theory of the 
compound nucleus and his elaboration of the liquid-drop model. This work 
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reached its climax in 1939 with a paper, written jointly with John Wheeler, 
on the theory of nuclear fission, but Bohr continued to work and publish on 
these topics well into the 1940s. In the early years of the Second World War 
he and his institute continued to function, even after the German occupa- 
tion of Denmark. But Bohr’s role changed and, as a public figure and a 
focus of national admiration and pride, he felt a responsibility to help 
maintain Danish science and culture under the prevailing conditions. It 
was in this period that he was asked to write the introduction to the book 
Danish Culture in the Year 1940 —a task on which he lavished the same care 
and attention to detail and language that he gave to his scientific writings. 

In 1943 the occupation became more oppressive, and Bohr left Denmark 
with the encouragement of the British government. Later he traveled by 
way of Sweden and Britain to the United States, where he joined the 
Manhattan Project. Although scientifically interested in the progress 
toward the production of the fission bomb, Bohr turned his attention 
almost immediately to the political significance of the project and to the 
need for early and clear recognition of the threat it would pose to postwar 
stability. On 11 August 1945, a few days after the bombing of Hiroshima, 
the editorial page of the London Times carried an article by Bohr entitled 
“Energy from the Atom,” in which he pleaded for such recognition.‘ In the 
autumn of 1945 he returned to his family and the institute, and once again 
took up his role as honored teacher and stimulating friend of a new genera- 
tion of physicists. He devoted much time and thought to promoting a sane 
and realistic policy for nuclear arms, and in 1950, in his “Open Letter to the 
United Nations,” he made a heartfelt appeal for world cooperation. He and 
his longtime friend and collaborator Hendrik Kramers, then chairman of a 
United Nations committee on nuclear policy, both worked for peace, but 
their efforts were overtaken by events and Bohr’s proposal for openness and 
free exchange of information was never tried. 

In Denmark, Bohr had become a much respected elder statesman and 
was called upon to guide the government's policy on atomic energy. For the 
next ten years much of his time was given to the detailed planning and 
completion of the Danish Atomic Energy Commission’s research estab- 
lishment at Riso. During this period he also completed a treatise on the 
passage of charged particles though matter and, again with Kramers, lent 
his name and support to the establishment of a center for European cooper- 
ation in science which was to become CERN (the Conseil Européen pour 
la Recherche Nucléaire). In the early and delicate days of the organization, 
the division of theoretical physics was housed and grew strong in the Bohr 
Institute before moving to Geneva. 

At the beginning of the 1960s, Bohr and the members of the institute 
began to plan for a meeting in 1963 to celebrate the fiftieth anniversary of 
the publication of the original papers on atomic structure. They hoped to 
renew the intimate atmosphere of the interwar Copenhagen meetings by 
inviting back members of the institute from those exciting years and giving 
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them the opportunity to review the past half-century of progress and to 
guess at the exciting questions for the future. 

Before this could happen Niels Bohr died suddenly at his home at Carls- 
berg, on the afternoon of 18 November 1962. Nevertheless, the reunion he 
had planned was held, and many of the surviving members of the Copen- 
hagen School returned to exchange their latest opinions and ideas, as he 
would have wished. Later, at the invitation of Margrethe Bohr and her sons, 
they gathered once more in the beautiful mansion which they had come to 
know so well.® 
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A Personal Memoir 


James Franck 


James Franck, a distinguished atomic 
physicist, was a friend of Niels Bohr 
for about forty years. He was born in 
1882 and was Director of the Physical 
Institute at the University of Géttin- 
gen from 1920 to 1933. He came to 
the United States in 1934, and lived 
there until his death in 1964. In 1925 
he shared the Nobel Prize for physics 
with Gustav Hertz for their famous 
research on electron excitation of 
atoms. 
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Niels Bohr’s life exemplifies the fact that truly great scientists are equally 
great in their subject matter and as human beings." In order to achieve the 
greatest scientific accomplishments, it is not enough to possess unusual 
intelligence; one must also have unusual strength of character, diligence, 
courage, extreme desire for the truth, and the ability to recognize the 
essential problems and concentrate on them. These are some of the prereq- 
uisites for success, and they strongly affect one’s whole view of life and how 
one leads it. 

One can use almost any of Bohr’s works in order to show how clearly he 
demonstrated these character traits. I will choose the work of 1913. Half a 
century later it may seem to many that the concept of discrete quantum 
states for the atomic electronic system was obvious. It may be thought that 
if Bohr had not introduced the idea, someone else would have come up 
with it shortly thereafter. This notion is absolutely wrong. How much 
courage, independence, and concentration on essentials was necessary 1s 
shown by the slowness with which this idea was accepted by the great body 
of physicists. 

In Germany, Bohr’s work was little read in the first years after it was 
published. There was generally a thorough distrust of attempts to construct 
models of the atom with the limited knowledge at that time, and, in 
scanning the literature, one sees that only a few people made the effort to 
read Bohr’s work carefully. Both Gustav Hertz and I were initially unable to 
understand the enormous importance of Bohr’s work. We really had every 
reason to read it carefully, as we had just finished our measurement of the 
excitation of the 2,537-angstrom line in mercury by electronic collisions.’ 
We read Bohr’s work before we sent our manuscript to the printer, but 
decided not to mention it, because we had a problem understanding the 





strong ionization in mercury vapor if, as Bohr had concluded, the energy 
necessary to ionize the atom is much larger than that required merely to 
excite it. That we judged this difficulty to be big enough for us not to accept 
Bohr’s concept shows our misunderstanding of its significance. Many years 
later Einstein said in a conversation: “I believe that, without Bohr, we 
would still today know very little about atomic theory.” In the beginning 
even Arnold Sommerfeld, who later spent his whole life in the promotion 
and development of the Bohr theory and who was immediately ready to 
accept the Bohr formula for the Balmer series, did not want to extend its 
application to a model of the atom. 

Bohr’s work on the correspondence principle and complementarity is 
another example that reveals especially well the connection between his 
great success and his character traits. These developments came from Bohr’s 
deep need to make the basis of all the consequences of atomic theory as clear 
as possible. He could be satisfied with himself only if he arrived at princi- 
ples that, in a unified and noncontradictory way, clarified the transition 
from the continuum to the discrete quantized system. 

A very large fraction of the best theoretical physicists of our time labeled 
themselves, proudly and thankfully, as students of Bohr. His pupils were 
gifted young theorists whose earlier schooling in theoretical physics, and 
especially in the application of mathematics to the solution of theoretical 
problems, had been received at other large centers of physics. What Bohr 
taught them, by example and discussion, was the ability, for which he 
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Niels Bohr (left) with James Franck, 
early 1920s. 


Another great scientist I must talk 
about was James Franck, who, 
together with Gustav Hertz, got a 
Nobel Prize for first exciting specific 
states in atoms by bombarding them 
with electrons of controlled speed. 
He came to Copenhagen from 
Gottingen because he was a Jew. He 
could have stayed under the existing 
racial laws, which exempted men 
who had fought in the First World 
War, but it was unthinkable for him 
to serve under a regime that 
persecuted Jews. He had uncom- 
monly fine features, luminous with 
kindness and obvious interest in your 
problems; he was the most immedi- 
ately lovable man I have ever met. 
O. R. Frisch 
What Little | Remember, 1979 
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provided the model, to think through problems to the end, inexorably 
fighting self-delusion with the courage not to be deterred from tackling 
seemingly impossible obstacles. The word “teach” can really not be used 
here, since character traits cannot really be taught; but their importance can 
be pointed out, thereby awakening them in those people in whom they are, 
as it were, dormant. Bohr, in a conversation, once made a remark that is 
instructive about his way of thinking and working: “One must never be 
satished doing only what one can; rather, one must always do what one 
really cannot.” 

At the beginning of the Hitler era, Bohr invited to his institute a number 
of physicists who had to leave their homeland. I was among them, and 
stayed more than a year as a visiting professor in Copenhagen. In this way I 
got a far better opportunity than before to observe the influence of Bohr on 
the group around him. This influence was by no means limited to the 
colloquia and private discussions at the institute. Bohr’s home (where the 
major part of his own work was done) formed a second center to which 
came a flood of visitors of the most diverse kinds. In addition to the staff of 
the institute and short-term guests from abroad, there were colleagues from 
other parts of the university, important Danish bureaucrats, artists, politi- 
cians, and others. Even the Royal Family often came to visit. One could 
correctly describe Bohr’s house as resembling a Greek academy. The con- 
versations and discussions there were by no means limited to physics and 
natural science; they encompassed philosophy, history, fine arts, religious 
history, ethical questions, politics, current events, and many other topics. 
Bohr himself had a large range of interests. He read a great deal, had a good 
memory, and thought about everything he read and experienced. 

Bohr never had the desire to withdraw into the ivory tower of science; 
rather, he felt it a duty to keep himself informed about the life and activity 
of human society and, when necessary, to openly express his opinions. 
Through his example and discussion he helped a large number of people to 
take such duties seriously and to perform them. 

Many people have not understood Bohr’s decision to work on the devel- 
opment of the atomic bomb. It was a hard necessity. Physicists throughout 
the world who read the literature knew that the building of such a bomb 
was likely to be possible. Should they just fold their hands and wait until 
Hitler eventually gained possession of one? If the war were lost, what would 
stop the criminal tyranny that had already enslaved Germany from spread- 
ing over the whole world? But as it became clear that Hitler could not 
develop such a bomb, Bohr raised objections to it. His warnings went 
unheeded. For years, Bohr seemed to be plagued by the thought that 
perhaps it was a mistake to seek to influence world politics by logical 
arguments. Fortunately, his optimistic nature finally gained the upper 
hand, and he became cheerful and voluble, as we had known him before. 
He was this way when I saw him for the last time, in June 1962 in Lindau. 








Niels Bohr, the Quantum, and the World 


Victor F. Weisskopf 


Modern scientific progress is often described in terms of revolutions and 
upheavals, in which one new theory destroys the previous theories. This 
description overlooks the fact that scientific development is intrinsically 
evolutionary. Most of the new and so-called revolutionary ideas in modern 
science were a refinement of the old system of thought, a generalization or 
an extension. Relativity theory did not do away with Newton’s mechanics 
—which is still used, for example, to calculate the orbits of satellites. 
Rather, it has extended the applications of Newtonian principles to ex- 
treme velocities and has established the general validity of the same con- 
cepts in mechanics and electricity. 

However, one development in the first quarter of this century did come 
close to a true revolution in our thinking. This was quantum mechanics. 
The discoveries of the late nineteenth century had shown that it is impossi- 
ble to understand the structure of matter, the specific properties of mate- 
rial, using so-called classical physics. A new system of concepts and a new 
way of dealing with atomic structure had to be introduced, and they 
revolutionized our ideas of material reality. Even so, these new concepts, 
such as the uncertainty principle and quantization, did not vitiate the scientific 
accomplishments of earlier times. They are a refinement of classical me- 
chanics, necessary to the understanding of very small systems such as atoms 
or molecules. They do not destroy the validity of classical physics for the 
description of larger systems. 

The quantum revolution caused a major breakthrough in our views 
about the structure of matter and opened up many new horizons. Within a 
few years after the formulation of quantum mechanics, problems that had 
been considered unsolvable for decades — such as the nature of molecular 
bonds, the structure of metals, and the radiation from atoms — were finally 
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The floodgates were opened by a 
young Danish physicist, Niels Bohr, 
through his proposed model of an 
atom. You must have seen it many 
times, decorating almost any 
publication related to atoms: a dot 
surrounded by several circles, usually 
foreshortened into intersecting 
ellipses. That model has now been 
out of date for half a century. But 
symbols have long lives: Father Time 
is still depicted with a sand-glass, not 
a wristwatch. 
O. R. Frisch, 
What Little I Remember, 1979 
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understood. This sudden growth of knowledge and understanding of the 
structure of matter opened up many new ways of dealing with materials: it 
led the way to new forms of energy, new kinds of materials, and many new 
technical possibilities in chemistry, electronics, and nuclear technology. It 
also began changing our quality of life at an ever-increasing rate, leaving us 
at odds with our accepted value system when facing the human problems 
created by all these innovations. 

Nothing could be better suited to illustrate this vast development and to 
illuminate these problems than a study of the life of Niels Bohr. He was a 
great physicist — one of the greatest; his name ranks with those of Galileo, 
Newton, Maxwell, and Einstein. His work was at the center of this devel- 
opment, and kept it going for half a century. To a greater degree than any 
other scientist, he was involved in the human problems of his science, and 
its impact on society and politics. 

Bohr was born in 1885. His life as a scientist began in about 1905 and 
lasted fifty-seven years. It was in 1905 that Einstein published his papers on 
special relativity and on the existence of the light quantum; this was only a 
few years after Planck’s discovery of the quantum of action. Bohr had the 
great luck to be present at the beginning, or perhaps mankind had the great 
luck of having him at that turning point. What a time to be a physicist! He 
began when the structure of the atom was still unknown; he ended when 
atomic physics reached maturity — when the atomic nucleus was put to 
industrial use for the production of electric power, to medical use in cancer 
treatment, and also, unfortunately, to military and political use in the most 
destructive weapon man has ever conceived. 

The work of Niels Bohr can be divided into four periods. In each he 
exerted a tremendous impact on the development of physics. The first 
period was the decade 1912-1922, from his first meeting with Rutherford 
until the foundation of his famous Institute of Theoretical Physics in 
Copenhagen. In this period Bohr introduced the concept of the quantum 
state and devised an intuitive method of dealing with atomic phenomena. 
In the second period, from 1922 to 1930, he gathered around him in his 
new institute a few of the most productive physicists in the world, who, 
under his leadership, developed the ideas of quantum mechanics. This is the 
conceptual edifice that replaced his original intuitive method and gives an 
adequate description of the inner workings of the atom. The third period, 
1930 — 1940, was devoted to the application of the new quantum concepts to 
electromagnetic phenomena and the exploration of the structure of the 
atomic nucleus. Then came the Second World War and the last period of 
his life, in which he acted as the great leader of physics, deeply concerned 
with the social, political, and human consequences of the new discoveries. 

The first period began with the publication, in the year 1913, of Bohr’s 
work on the quantum orbits of the hydrogen atom. This remarkable paper 
proposed to explain the hitherto mystifying properties of the atom by 
introducing a completely new concept into physics: that of the quantum 
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state, His theory, based upon previous work by Planck and Einstein, applied 
the idea of the quantum to the structure of the atom. There is hardly any 
other paper in the literature of physics from which grew so many new 
theories and discoveries. 

This famous paper marked the beginning of a decade of new insights 
about previously unexplained phenomena: the structure of the spectra of 
elements, the processes of absorption and emission of light, the reasons for 
the periodic system of elements, the puzzling sequence of properties of the 
ninety-two different atomic species. It was the period in which quality, the 
specificity of chemical substances, was reduced to quantity, to the number 
of electrons per atom. All this rested on Bohr’s assumption of the existence 
of specific electronic orbits in the atom, the only ones in which electrons 
were allowed to revolve. It was at that time still a provisional hypothesis. 
Bohr’s contemporaries, however, took it quite literally, although Bohr 
warned them in his papers and at meetings that this could not be the final 
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Those years, when a unique 
cooperation of a whole generation of 
theoretical physicists from many 
countries created step by step a 
logically consistent generalization of 
classical mechanics and electromag- 
netism, have sometimes been 
described as the “heroic” era in 
quantum physics. To everyone fol- 
lowing this development, it was an 
unforgettable experience to witness 
how, through the combination of 
different lines of approach and the 
introduction of appropriate 
mathematical methods, a new 
outlook emerged regarding the com- 
prehension of physical experience. 
Many obstacles had to be overcome 
before this goal was reached, and 
time and again decisive progress was 
achieved by some of the youngest 
among us. 
Niels Bohr, 
Rutherford Memorial Lecture, 1958 
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explanation, that something fundamental remained to be discovered in 
order to understand what was going on in the quantization of the atom. 

During the second period, the quantum was fully understood. It was a 
heroic period without any parallel in the history of science, the most 
fruitful and most interesting one of modern physics. There is no single 
paper by Bohr himself that characterizes this period, as his 1913 paper 
characterized the first period. Bohr found a new way of working. He no 
longer worked alone, but in collaboration with others. It was his great 
strength to assemble around him the most active, the most gifted, the most 
perceptive physicists in the world. At the time, Bohr was working at his 
Institute for Theoretical Physics, in Copenhagen, in the midst of an inter- 
national group of physicists: Oskar Klein, Hendrik Kramers, Wolfgang 
Pauli, Werner Heisenberg, Paul Ehrenfest, George Gamow, Felix Bloch, 
Hendrik Casimir, Lev Landau, John Slater, and many others. It was at that 
time, and with those people, that the foundations of the quantum concept 
were established, that the uncertainty relation was first conceived and 
discussed, that the particle-wave antinomy (duality) was for the first time 
understood. In lively discussions, in groups of two or more, the deepest 
problems of the structure of matter were explored. One can imagine what 
atmosphere, what life, what intellectual activity reigned in Copenhagen at 
that time. Here was Bohr’s influence at its best. Here it was that he created 
his style, the Kopenhagener Geist, a style of a very special character that he 
imposed upon physics. He could be seen, the greatest among his colleagues, 
acting, talking, living as an equal in a group of young, optimistic, jocular, 
enthusiastic people, approaching the deepest riddles of nature with a spirit 
of attack, a spirit of freedom from conventional bonds, and a spirit of joy 
that can hardly be described. Asa very young man, when I had the privilege 
of working there, I remember that I was taken a little aback by some of the 
jokes that crept into the discussion — they seemed to me to indicate a lack 
of respect. I communicated my feelings to Bohr, and he gave me the 
following answer: “There are things that are so serious that you can only 
joke about them.” 

In this great period of physics, Bohr and his associates touched the nerve 
of the universe. The intellectual eye of man was opened to the inner 
workings of nature. Once the fundamental tenets of atomic mechanics had 
been established, it was possible to understand and to calculate almost every 
phenomenon in the world of atoms— phenomena such as atomic radia- 
tion, the chemical bond, the structure of crystals, the metallic state, and 
many others. Before that time, the world had been perceived as full of 
different forces: electromagnetic, cohesive, capillary, chemical, and elastic. 
Then (except for gravity and nuclear forces) all these forces were reduced to 
one — the electromagnetic force. In the course of only a few years, the basis 
was laid for a science of atomic phenomena that grew into the vast body of 
knowledge we have today. 

The ideas spurred by Bohr had an enormous impact. Previously, chemis- 
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try and physics had been far apart. It was chemistry that had been the 
science of matter and its specific properties. The atom had been a concept 
of chemistry: the atom of gold, of oxygen, of silver— different specific 
entities whose existence had been noted but not understood. Physics, on the 
other hand, had been a science of general properties of motion, of strain and 
stress, of electric and magnetic fields. Scientists were not yet able to answer 
the question: “Where do the specific properties of matter come from?” 
The specificity of atoms was a great miracle. What prevents nature from 
producing a gold atom that is slightly different from another? Shouldn’t 
there be intermediate atoms that are not quite gold but halfway to silver? 
Why can’t there be a continuous change from gold to silver? What keeps all 
atoms of one species so exactly alike? Why are they not altered by the rough 
treatment they suffer when the material is heated or subjected to other 
outside influences? These questions became even more acute and discon- 
certing when Rutherford found that atoms are little solar systems with the 
atomic nucleus as the sun and with electrons, like planets, circling around 


The 1930 Copenhagen Conference. 
In the front row are (from left) 
Oskar Klein, Niels Bohr, Werner 
Heisenberg, Wolfgang Pauli, George 
Gamow, Lev Landau and Hendrik 
Kramers. 
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it. Such systems should be extremely sensitive to collisions and other per- 
turbing influences. 

Bohr saw that there was a connection between these atomic properties 
and quantum theory. He tried to formulate the situation by postulating the 
existence of states for atomic systems that are distinct and characteristic for 
each species. Electrons can assemble around the nucleus in only a few well 
defined modes — the quantum states — and not in others. The mode that 
has the lowest energy is the one in which the electrons will invariably 
assemble under normal conditions. It is a stable configuration because 
change is possible only if enough energy is supplied to reach the next 
quantum state, which is a definite step higher in the energy scale. It is this 
lowest configuration that is responsible for the typical properties of the 
atoms. 

At first this seemed merely a suitable formulation of the strange fact that 
atoms have specific qualities. It was actually somewhat more than that, 
because Bohr developed rules for calculating correctly the energy of these 
quantum states in some simple cases. But the real significance of this new 
concept emerged when it became clear that it was intimately connected 
with the dual nature of electrons, whose behavior is sometimes observed as 
particle motion, sometimes as wave motion. The quantum states of atoms 
turned out to be nothing other than the specific vibrations of electron 
waves confined by electric attraction to a space close to the nucleus. This 
was a most exciting situation — specific atomic states as harmonic vibra- 
tions of electron waves under the confining influence of the electric force 
provided by the nucleus. The characteristic properties of the elements were 
revealed to be based upon a natural interplay of vibrations. The ancient 
ideal of “the harmony of the spheres” seemed to be revived. 

But this situation was also deeply disturbing. How can it be that electrons 
exhibit wave and particle properties at the same time? There seems to be an 
irreconcilable contradiction between electronic particles revolving around 
the nucleus, and vibrating electronic waves. Obviously, the mere existence 
of atoms with well defined specific properties is already proof that strange 
things must go on within the atom in order to make little solar systems 
exhibit such behavior. The discovery of the wave-particle nature of the 
electron only reinforces this. The main point in the Bohr approach to this 
problem lies in the refutation of the following view: Why not solve the 
whole problem by looking into the structure of the atom? After all, we 
could make use of the finest means of observation to find out what the 
detailed structure is like, and this ought to reveal whether the electron is a 
wave or a particle. 

Bohr and Heisenberg recognized that nature is arranged in a way that 
makes this approach impossible, because no observation of a tiny object can 
be made without influencing that object. The quantum state has a peculiar 
way of escaping ordinary observation, because the very act of such obser- 
vation obliterates the conditions of its existence. The quantum state is a 
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form of motion that cannot be divided into parts and traced point by point, 

as we do when we describe the motion of a planet around the sun. It must 

be considered in its characteristic entirety and indivisibility. The quantum 

properties can unfold only when the atom is undisturbed, when the exter- 

nal influences to which it is exposed cannot transfer it to a different 

quantum state. Then we find the atom with its characteristic properties, 

and it behaves like an indivisible entity. When we try to look into the details 

of the quantum state using some sharp instrument of observation, we 

necessarily pour much energy into it and thus destroy the quantum state. In 

fact, when an atom is given a large amount of energy, it does behave like an 

ordinary solar system: the characteristic quantum properties are lost. The The areas of validity of classical and 

necessary coarseness of the available means of observation — light comesin quantum mechanics can be marked 

quanta and so does any other form of energy — makes “exact” observation 9 sa pis ae casein Sa 

2 is assical physics represents that striv- 

in the old sense impossible. This is the basis of the famous uncertainty at hoes Gina Masta 

principle formulated by Heisenberg in 1926, when he was working with essentially we seek to draw conclu- 

Bohr. sions about objective processes from 
The quantum state represents a novel state of matter that cannot be observations and so ignore the 

described in the old-fashioned way. It exhibits features that do not occur ©°sideration of the influences which 
; ae every observation has on the object 

with objects in our ordinary experience. This is why we must use more 4, be observed: classical physics, 

abstract terms when we describe atomic reality. It may seem incredible to therefore, has its limits at the point 

the noninitiated that an electron behaves in certain situations like a wave —_ from which the influence of the 

and in others like a particle. But this is just part of the reality we are facing observation on the event can no 

i ie senda ok aioe: longer be ignored. Conversely, 


Bohr introduced the term complementarity for this complex state of af- _ met i wns 
fairs. He was so fascinated with this new mode of arguing that he tried to partially forgoing their space-time 
apply it to other aspects of human thought. For example, the problem of description and objectification. 
free will can be looked at in a similar way. The awareness of personal Werner Heisenberg, 
freedom in decision making is an experience as clear and as factual as any ieninmonemmee-oneun 
other. When it is analyzed, however, by following up each step of decision 
making in its causal connection, the phenomenon of free decision is no 
longer apparent. A related complementarity is found in the well known 
paradox of thinking about the thinking process, and also in the juxtaposi- 
tion of reasoning and acting. We can never analyze the actual process of the 
thinking that does the analysis; we can never act if we constantly think 
about the possible consequences of our acts; we have no time to reason 
during the process of acting. The legal and the humanitarian approaches to 
human conflict often show similar features of contradiction that should be 
resolved by a complementary approach. Bohr reverted to the idea of com- 
plementarity throughout his life, trying to formulate it in new and better 
ways. 
One of the most debated applications of complementarity was Bohr’s 
attempt to formulate the problem of life in these terms. In a celebrated talk 
given in 1932,' he ventured the idea that the phenomena of life and the 
validity of physics and chemistry are contradictions that could be seen in 
the light of complementarity, in the sense that any attempt to verify in all 25 
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details the validity of physics in a living cell would necessarily kill the cell 
and destroy the object of investigation. Thus, a new and different state of 
matter might exist, which never would lead to a situation at variance with 
the laws of physics but still would be outside their valid application. Recent 
developments in biology have shown that Bohr’s original idea was incor- 
rect: the phenomena of life are not in such irreconcilable contradiction to 
the laws of physics as the quantum state is to classical physics. Bohr himself 
gave a second talk shortly before he died, in which he revised his original 
ideas. 

In the third period of his life Bohr turned to nuclear physics. Atomic 
properties were explained by the peculiar vibrations of the electron waves 
when they are confined close to the atomic nucleus by the electric attrac- 
tion between the nucleus and the electrons. The same phenomenon was 
found to reappear within the nucleus, albeit on a much smaller scale of size 
and ona much bigger scale of energy. The nucleus is a system of protons and 
neutrons held together by a strong nuclear force. Again we find quantum 
states of the nucleus with characteristic properties based upon vibrations of 
waves; this time it is a matter of neutron and proton waves confined by the 
nuclear force. Nuclear structure offers impressive evidence for the general 
validity of quantum mechanics. Here physicists face a repeat performance 
of the same principles on a new level, with a few characteristic differences: 
in the atom as a whole the nucleus dominates the electron motions or 
vibrations because of its big charge and its large mass; in the nucleus there is 
a republican regime, because all constituents have equal mass and exert an 
equal force on one another. Bohr was the first to analyze the typical 
properties of nuclear quantum states that stem from this difference. This 
topic is treated in detail in another article. Nevertheless, from the point of 
view of the historian of science, one fact should be mentioned here: the 
force of Bohr’s personality was so great that for a decade those typical 
differences between nuclear and atomic quantum states were the center of 
interest, whereas the similarities were left aside. Not until 1950 did Maria 
Goeppert Mayer and J. H. G. Jensen discover the shell structure of nuclei, 
analogous to the shell structure of atoms. 

At the time (in 1939) when the fission of uranium was discovered, Bohr 
was deeply involved in his studies of nuclear structure. Obviously this 
phenomenon captured his interest, and he wrote a seminal paper on this 
process with the American physicist John Wheeler, a paper that had a 
decisive influence on the development of nuclear energy. 

When Bohr set out on a new problem, he always found a “victim” 
among the younger physicists who happened to be in Copenhagen. This 
lucky person had the privilege of working with him day and night. Bohr 
tried to explain his ideas to the victim until they became clear to both of 
them, and the most important part of the collaboration would be the 
writing of a joint paper on the subject. The victim was supposed to write 
down the sentences while Bohr dictated. Days would go by, as each sen- 
tence was worked out until it expressed the desired idea. The ideas took 
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their real shape only during those attempts at formulation. The interaction 
between thought and language always fascinated Bohr. He often spoke of 
the fact that any attempt to express a thought involves some change, some 
irrevocable interference with the essential idea, and this interference be- 
comes all the stronger as one tries to express oneself more clearly. Here 
again there is a complementarity, as he frequently pointed out, between 
clarity and truth — between Klarheit und Wahrheit, as he liked to say. This is 
why Bohr was not a very clear lecturer. He was intensely interested in what 
he had to say, but he was too much aware of the intricate web of ideas, of all 
possible cross-connections; this awareness made his talks fascinating but 
hard to follow. 

The work on uranium fission inevitably brought him into a realm where 
physics and human affairs are hopelessly intertwined. But even before these 
discoveries, he had been deeply aware of human problems. He was unusu- 
ally sensitive to the world in which he lived, and realized earlier than many 
others that atomic physics would play a decisive part in civilization and in 
the fate of mankind — that science cannot be separated from the rest of the 
world. World events brought home this point sooner than expected. By the 
1930s, the ivory tower of pure science had already been breached. It was the 
time of the Nazi regime in Germany, and a stream of refugee scientists 
came to Copenhagen and found help and support from Bohr. He asked 
some to stay with him at that time; James Franck, George de Hevesy, 
George Placzek, Otto Frisch, I myself, and many others found a personal 
and professional haven in Copenhagen. But this was not all: Bohr’s insti- 
tute was the center for everybody in science who needed help, and many a 
scientist obtained a post somewhere else—in England, in the United 
States — through Bohr’s efforts. Then came the years of war. Denmark was 
occupied by the Nazis in April 1940, and Bohr developed close connections 
with the Danish Resistance. He refused to collaborate with the Nazi au- 
thorities. Soon he was forced to leave Denmark, escaping to Sweden and 
then, via Britain, traveling to the United States. 

Now the fourth period of his life began. He joined a large group of 
scientists in Los Alamos who were working on the exploitation of nuclear 
energy for war purposes. He did not shy away from this most problematic 
aspect of scientific activity. He faced it squarely as a necessity, but at the 
same time it was his idealism, his foresight, and his hope for peace that 
inspired many people at Los Alamos to think about the future and to 
prepare their minds for the tasks ahead. He believed that, in spite of death 
and destruction, there is a positive future for this world, transformed by 
scientific knowledge. 

At that time Bohr was actively engaged in a one-man campaign to 
persuade the leading statesmen of the Western world of the danger and the 
hope that might come from an atomic bomb. He wanted those in power to 
make use of this momentous achievement for the creation of a more open 
world in which scientific development should bring East and West together 
in a common endeavor. Bohr conferred with Roosevelt, Churchill, and 
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Professor P. Auger, 
UNESCO—House, | 

19, Avenue Kléber, 
Paris lée. 





Dear Auger, 


From M. Jean Mussard I have received a letter in which, 
on your instruction, he is sending me some documents relating to the 
planned European Nuclear Laboratory and asking me for comments on the 
matter. 

I vas very happy for our talks at the meeting of the 
International Union last summer, and I felt that the discussions were 
most helpful in bringing out different viewpoints as to how one might 
best proceed with the great European effort with which, in principle, 
everyone so deeply sympathises. The new idea of Kramers to associate 
the European Laboratory, in its initial stages, with an existing research 
institution may, it seems, prove a further step towards relieving the 
hesitations, as regards commitments to plans and expenditures before 
everyone has had an opportunity of convincing himself of the soundness 
of the programme. 

In later months we have here thought very much about the 
matter and of how the project might be organized in its initial stages 
in case there should be agreement regarding Kramers' suggestion to select 
the Institute here in Copenhagen as "Pilot institution". On the request 
of Swedish colleagues we have prepared some tentative notes, of which 
I enclose a translation, regarding possible procedures in such an 
eventuality. At a recent meeting of the Swedish Atomic Committees the 
whole matter was debated and , as vou probably know, it was decided to 
send a letter to the Director General of Unesco expressing the viows 
of Swedish Physicists and authorities. 

In case the Unesco consultations should result in a develop- 
ment along such lines the Danish authorities will of course feel it a 
great responsibility to assist in every way possible. By informal consul- 
tations I have learned that the city of Copenhagen is ready to put an 
appropriate site on the coast line at the disposal for the European 
Laboratory. The Institute here will also be able to offer hospitality 
and working conditions for an international expert group as well as 
facilities for such special scientific and technical research as will 
be part of the preparations for the major constructions contemplated. 

We expect that Kramers' proposal will be closely discussed 
at the coming Paris meeting and I need hardly add that I should be 


grateful to hear from you and to learn what you think yourself of the 
whole matter. 


With kindest regards, 


Yours sincerely, 
J Lhe 


28 Facsimile of a letter of 26 October 1951, from Niels Bohr to Pierre Auger, regarding the 
establishment of a European nuclear laboratory. 
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other leaders, and he learned quickly the difficulties and pitfalls of diplo- 
matic life (see Part V). His great political concept did not come to fruition; 
neither did his attempts at raising nuclear technology to an international 
level in order to avoid a nuclear armament race between powerful nations. 
Bohr and all others who thought like him — there were a good number all 
over the world—were deeply disappointea. He ended his efforts for an 
international understanding on nuclear weapons with his famous letter to 
the United Nations, written in 1950, in which he made known his thoughts 
about the need for an open world. 

In the last decade of his life, Bohr spent much time organizing interna- 
tional activities in science. He participated in the founding of the Nordic 
Institute of Atomic Physics (NORDITA) in Copenhagen and he helped 
create CERN in Geneva—a laboratory in which all European countries 
could collaborate in the most modern fundamental research in physics. 
CERN houses one of the world’s largest particle accelerators, a symbol of 
Europe’s renaissance in basic science after the United States had taken the 
lead in this field. This center has become one of the leading laboratories in 
fundamental physics, where scientists from all over the world collaborate. 
In many ways, CERN represents Niels Bohr’s most significant ideas. It 
exists today because of Bohr; it was his personality, his stature, and his 
attention to every detail of its founding and development that made it 
possible. It is a symbol of the international character of science and is 
exclusively devoted to basic science. Its results are openly published, and 
citizens of any country, East or West, are welcome as visitors and collabora- 
tors. 

In the years following World War II, physics became a major enterprise; 
large numbers of people and complex machines were needed to carry out 
physical research. High-energy accelerators made it possible to probe 
within the nucleus and explore the structure of its constituents, the proton 
and neutron. Bohr recognized this as a logical continuation of what he and 
his friends had started. He saw the need for physics on a large scale, on an 
international scale. In no other human endeavor are the narrow limits of 
nationality and politics more obsolete and out of place than in the search for 
more knowledge about the universe. 

When Niels Bohr died, an era ended —the era of great scientists who 
created modern physics. But it was Bohr who helped shape the spirit and 
the institutions for the continuation of the scientific endeavor into the 
future. 

His death symbolizes his life. Only two weeks before his death he 
returned from a vacation, fully recovered from a slight stroke he had had a 
year earlier, and his doctors told him that he could resume work as usual. 
Two days before his death, he chaired a meeting of the Danish Royal 
Academy of Science; that weekend he planned to have a party of friends at 
his house. He was happy and healthy, but when he lay down in the after- 
noon for a brief rest, he did not wake up. That such a life could be lived in 29 
the modern age should be a great encouragement to all of us.? 
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Bohr’s First Theories of the Atom 


John L. Heilbron 


When confronted with an apparent failure in the application of an accepted 
theory, physicists, like the rest of us, have a choice of strategies. The most 
obvious, which is also that recommended by armchair methodologists, is to 
invent an entirely new theory; an example might be Johann Kepler’s system 
of planetary motions. The most likely strategy, because involving the least 
reconstruction, is to seek the slightest departure from received ideas that 
will save the phenomena; an example is John Couch Adams’s supposition of 
the existence of a distant planet to account for irregularities in the motions 
of Uranus. In both cases the strategies worked: Kepler’s system, trans- 
formed by Newton, became the basis of the world of classical physics; 
Adams's calculations, and those of his French contemporary Urbain J. J. 
Leverrier, led to the discovery of Neptune. 

They were lucky. Efforts to attribute irregularities in Mercury’s motions 
to an undiscovered planet inside Mercury’s orbit failed; no such conserva- 
tive and minimal adjustment worked, and the little anomaly yielded only to 
the novel and extravagant theory of general relativity. In contrast, the 
suggestion by several mathematical physicists of the eighteenth century 
that a new force, different from Newton’s gravity, was necessary to save the 
motions of the moon proved unnecessary. It is part of the high art of 
physics to guess correctly whether an apparent failure of theory is an 
anomaly needing minimal or heroic treatment, or whether it is an anomaly 
at all. 

Perhaps Bohr’s greatest strength was his ability to identify, and to exploit, 
failures in theory. His exercise of this ability amounted to a method. He 
would collect instances of failure, examine each minutely, and retain those 
that seemed to him to embody the same flaw. He then invented a hypothesis 
to correct the flaw, keeping, however, the flawed theory to cover not only 
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parts of experience where it worked, but also parts where neither it nor the 
new hypothesis, with which it was in contradiction, could account for the 
phenomena. This juggling made for creative ambiguity as well as for 
confusion: pushing the contradiction might disclose additional anomalies, 
and perhaps a better, more inclusive hypothesis. A coherent theory might 
emerge that would remove the need for cooperation with the flawed theory, 
and the latter would be restricted to a domain for which it fully sufhced. To 
work in this way one needs not only creative genius, but also a strong 
stomach for ambiguity, uncertainty, and contradiction. 

Bohr developed this method in steps, beginning with his work on the 
electron theory of metals, on which he wrote his doctoral thesis in 1911, and 
culminating in the invention and deployment of the correspondence prin- 
ciple in about 1918. It appears nascent in his atomic theories of 1912-13, 
and triumphant in the struggle that led to the invention of matrix mechanics. 
Like most things, however, it had its time and place. During the 1930s it 
prompted him to spy revolution in novelties that yielded to slight and 
natural alterations of the prevailing quantum theory. The main subject of 
this essay is the nascent method as it appears in Bohr’s atomic theories of 
1912- 13.! I begin, however, with an account of his doctoral thesis and a 
survey of the state of atomic theory when he switched his attention to it in 
1912.7 


THE ELECTRON THEORY OF EVERYTHING 


At the turn of the century several important physicists, building on J. J. 
Thomson’s evidence of the ubiquity of the electron and H. A. Lorentz’s 
theory of electron behavior, tried to explain all physical phenomena as 
consequences of the interactions of electrons among themselves and with 
“molecules,” or collections of electrons. The first outstanding success of the 
program came in the theory of metals. Thomson, Lorentz, Paul Drude, 
and others obtained promising agreement with experiment on the assump- 
tion that electrons move through metals as do ions through a dilute solution 
or molecules through a perfect gas. For example, in 1900 Drude deduced 
that the ratio of thermal (x) to electrical () conductivity should be the same 
for all metals, and directly proportional to the absolute temperature, T. His 
expression agreed with previous empirical generalizations, and with mea- 
surement to within a factor of 1.5. Drude then tried his hand at thermoelec- 
tric effects; he obtained encouraging indications that a more refined elec- 
tron theory might account for these also. Lorentz provided such a theory in 
1905, treating the free electrons in a metal by the statistical methods worked 
out for gases. He obtained for K/o a value two-thirds of Drude’s, which 
worsened the empirical fit. He advised anyone worried about agreement 
between theory and experiment to recalculate K/o using some special 
hypothesis about the dependence of electron mean free path on velocity. 
One whom it worried was Bohr. In his master’s thesis of 1909 he showed 
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that the theoretical value of K/o could indeed be raised to the experimental 
by supposing the mean free path to change with velocity, an assumption he 
thought equivalent to introducing a force between electrons and metal 
molecules. The introduction of a central attraction diminishing as the pth 
power of the distance, the chief innovation of Bohr’s doctoral thesis, freed 
Lorentz’s theory from the assumption that electrons interact with metal 
molecules only when striking them. Bohr brought x/o into agreement with 
experiment with p = 3. A few other standard problems in the theory of 
metals also yielded to him. But several did not, notably two not treated by 
Drude or by Lorentz in his theory of 1905: heat radiation and magnetism. 

In 1903 Lorentz had formulated a theory applicable to radiation whose 
vibration period is much longer than the average time interval between 
successive collisions of an electron with metal molecules. His result under 
this restriction coincided with the long-wave limit of Planck’s radiation 
formula. But Planck’s formula rested on assumptions very different from 
those of Drude and Lorentz. Could the agreement be pushed further? In 
1907 Thomson thought he had done so. Bohr disagreed. His lengthy calcu- 
lations showed that Lorentz’s derivation held only at the limit considered. 
Bohr concluded that Thomson’s program was hopeless. “The cause of 
failure is very likely this: that the electromagnetic theory does not agree 
with the real conditions in matter.”? 

In considering magnetism, Bohr followed the theory that Paul Langevin 
had presented in 1905. Langevin had observed that the electric field set up 
while an external magnetic field rises or decays, or during reorientation of 
electron orbits, will cause a change in orbital frequency. The change 
amounts to a current whose magnetic moment, //,;,, opposes the external 
field. Langevin concluded that all bodies are diamagnetic. Paramagnetism 
could arise, therefore, only in substances whose atoms contain moments 
Myara that can align with the magnetic field and swamp the universal dia- 
magnetism. Langevin noticed that perfect alignment is prevented by ther- 
mal agitation, and that in equilibrium the angles at which the moments 
stand to the field should distribute according to the Maxwell-Boltzmann 
law. Calculation of paramagnetic susceptibility on this hypothesis gave a 
theoretical expression inversely proportional to absolute temperature, in 
agreement with Curie’s law. 

Although Langevin’s theory had considerable plausibility, Bohr con- 
demned it as untenable, at least with respect to diamagnetism. If mechani- 
cal thermal equilibrium is to prevail, he said, the change of velocity induced 
during the buildup of the magnetic field must quickly equalize among the 
electrons in a molecule after the field is established. If so, diamagnetism 
cannot arise from undamped motions of bound electrons. Since Bohr also 
argued that free electrons cannot cause diamagnetism, because the field 
cannot alter their distribution in space or velocity, it appeared that the 
electron theory of metals could not give an account of a fundamental 
property of matter in its domain. 
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Niels Bohr (left) with Max Planck. 
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To harvest the fruit of Langevin’s theory without the worm, one might 
declare the sizes and moments of atoms immune from the averaging de- 
manded by statistical mechanics. Such a declaration, which Bohr deemed 
necessary, implies the existence of what he called “forces in nature of a kind 
completely different from the usual mechanical sort,” forces that might 
freeze the structure of atoms and molecules so as to legitimize Langevin’s 
approach and fix the sizes of atoms. 

Bohr took from his doctoral thesis the conclusion that the electron 
theory of metals could easily be brought into agreement with experiment in 
the cases of K/o and of related problems that did not involve the internal 
structure of atoms, but that it could not give a satisfactory account of heat 
radiation and magnetism without an additional, radical, extramechanical 
hypothesis. He probably already associated this hypothesis with the non- 
classical quantum postulate that Einstein and others had detected as the 
foundation of Planck’s radiation theory. By the spring of 1911 Bohr had 
pinpointed serious flaws in the prevailing electron theory, and had an 
inkling of the hypothesis needed to repair it. But he had no precise idea 
how or where to introduce the hypothesis into the theory. 

Bohr spent the academic year 1911-12 in England, engaged in postdoc- 
toral study. He began at Cambridge, where he hoped to discuss problems of 
the theory with Thomson, to publish his thesis in English, and to find a 
way of attacking magnetism. But Thomson had ceased to work on the 
theory of metals, and he was temperamentally averse to the close collabora- 
tion and constant conversation that Bohr needed to develop ideas. In the 
spring of 1912 Bohr moved to Ernest Rutherford’s laboratory at the Univer- 
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sity of Manchester, in order to learn about the experimental side of ra- 
dioactivity. He soon took an interest in the theory of the nuclear model that 
Rutherford had then just proposed. Its interest for Bohr lay as much in its 
imperfections as in its successes. It precisely expressed, and perhaps there- 
fore could model, the results of Bohr’s dissertation: in special cases, such as 
the scattering of alpha particles, the nuclear atom accounted for the phe- 
nomena with specific assumptions about the number of charges on the 
nucleus; but it suffered from radical mechanical instability, which could be 
overcome only by the sort of rigidification by quantum mechanical fiat that 
Bohr had come to recognize as necessary from his study of the electron 
theory of metals. 


THEORIES OF ATOMIC STRUCTURE AROUND 1910 


The prevailing approach to atomic structure when Bohr was finishing his 
dissertation derived from Thomson’s model and the problems that Thom- 
son had studied with its aid. Thomson had dealt with the greatest uncer- 
tainty in atomic theory — ignorance about the positive constituent of the 
atom —by supposing that bound electrons circulate in coplanar rings 
within a sphere that acts as if it were filled uniformly with a resistanceless 
positive charge. This arrangement has the great advantage over the Satur- 
nian atom—in which the electron rings surround a central positive 
nucleus —of mechanical stability. The Saturnian model had suggested 
itself to the first physicists who attempted to picture an atom containing 
electrons; but it was dropped after the discovery that it is not stable against 
small displacements of the electrons in the plane of their orbits. Thomson’s 
atom, like the Saturnian, eventually collapses from loss of energy by radia- 
tion. But, as Thomson showed, the loss in both cases can be made negligi- 
ble: the larger the number of electrons equally spaced around a ring, the 
smaller their total radiation. As for the ultimate collapse, it offered an easy 
explanation of radioactive disintegration. 

At first, Thomson supposed that the electrons provided all or most of the 
mass of the atom. Hence, their number n in an atom of atomic weight A 
would be about 1,000A. To check this hypothesis, he devised theories of the 
scattering of X rays and beta rays by the electrons in his model atoms. 
Experiments done at the Cavendish Laboratory showed that he had vastly 
overestimated the electron populations of atoms: n was revealed to be about 
2A, not 1,000A. Obtaining a more accurate relation between n and A 
became a major goal of Thomson’s research program. In 1910 the Caven- 
dish’s best result was n = 3A. A little later, Rutherford found that n = A/2 
by analyzing alpha-particle scattering. 

A second line in Thomson’s program for atomic theory was to explain 
the periodic properties of the elements. He made it plausible that periodic- 
ity could be a consequence of electromagnetic forces alone by examining 
the mechanical stability of a ring of electrons against small displacements 


You can imagine it is fine to be here, 
where there are so many people to 
talk with . . . , and this with those 
who know most about these things; 
and Professor Rutherford takes such 
a lively and effective interest in all 
that he believes there is something in. 
In late years he has worked out a 
theory of the structure of atoms, 
which seems to be quite a bit more 
firmly founded than anything one 
has had hitherto. 
Niels Bohr (in Manchester) to his 
brother Harald, 
12 June 1912 
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around their equilibrium orbit. A single ring of two to seven electrons 
within a neutralizing positive sphere is stable; the eighth electron must go 
to the center to achieve stability. The ninth also goes inside, where it and 
the eighth form a ring of two. Thomson showed that in general the require- 
ment of mechanical stability implies a unique distribution of electrons into 
rings for each total n of atomic electrons. And he pointed out strong 
analogies between the properties of certain model atoms and the chemical 
behavior of elements in the second and third periods of Mendeleev’s table. 

The third line concerned the building of molecules, the binding together 
of model atoms. In the vexed case of a diatomic molecule of an elementary 
gas like hydrogen or oxygen, Thomson argued that a transfer of charge 
between the initially identical constituents takes place. His illustration of 
the process is characteristic of his method, which differed fundamentally 
from Bohr’s. Imagine that each atom may be likened to a sealed flask 
partially filled with water and suspended by a spring. The weak electrical 
interaction, when the atoms are close together, may be represented by a 
siphon connecting the flasks. The slightest displacement of one flask rela- 
tive to the other will cause water to flow through the siphon, increasing the 
displacement; and the disparity will increase until the air pressure above the 
water in the lower flask equals the liquid pressure driving the siphon. The 
flow of water may be taken as transfer of charge between identical model 
atoms, and the transfer as chemical binding. 

In June 1912, when Bohr went to work full time on the theory of the 
nuclear atom, his first objective was to obtain solutions, on the basis of this 
new model, to the problems on which Thomson had made progress: the 
nature of radioactivity and chemical periodicity, and the binding of mole- 
cules. It is noteworthy that in Bohr’s agenda of 1912, as in Thomson’s a 
decade earlier, explanation of series spectra does not appear. This neglect 
contrasts sharply with the concern of the few physicists who around 1910 
tried to introduce the quantum into the atom. Two examples deserve 
attention. 

The first, the handiwork of Arthur Eric Haas, a doctoral student at the 
University of Vienna, concerned a single electron oscillating in a neutraliz- 
ing Thomson sphere of radius a. A simple calculation using Newtonian 
mechanics shows that the motion is harmonic and that the frequency of 
oscillation f is independent of the amplitude: f* = e?/42?ma°. In what he 
took to be the spirit of quantum theory, Haas set f= W/h, W being an 
amount of energy and h Planck’s constant; since the only unique finite 
energy in the system occurs when the amplitude equals the radius, he 
proposed hf = e/a. Eliminating f from the preceding equations, Haas had 
what he called “an electrodynamical interpretation of Planck’s quantum of 
action”— namely, h = 27e(ma)¥?.4 

Lorentz took an immediate interest in what he called Haas’s “risky 
hypothesis.” In lectures at Géttingen in 1910, he recommended it for hav- 
ing “connected the riddles of the energy elements with the question of the 
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nature and action of positive electricity.” In discussions at the Solvay Con- 
ference of 1911, called to consider the pressing problems of radiation and the 
quantum, he insisted on a link between “the size of the constant h and the 
dimensions of atoms (positive Thomson spheres).” The Solvay participants 
discussed several ways other than Haas’s for introducing the quantum into 
the atom, and they considered, without reaching agreement, whether the 
quantum to be employed was Planck’s h or h/2z or h/4. Their papers and 
proceedings appeared as a book in 1912.5 It gave Bohr, who read it, some- 
thing to think about. It also inspired J. W. Nicholson, author of the other 
early quantized atom we are to consider, to hit on a method of quantization 
that Bohr came later to adapt. 

Nicholson had studied single-ring models containing a few electrons; the 
most interesting of these theoretical atoms, “nebulium,” had four electrons. 
He offered striking evidence in favor of the existence of this “protoele- 
ment” in the stars. Small vibrations of electrons perpendicular to the plane 
of their ring can be stable, unlike vibrations in the plane. Nicholson com- 
puted the frequencies f,; of the perpendicular vibrations, and compared 
them with the frequencies v, of unassigned lines in nebular spectra. Now, f, 
depends upon the charge on the nucleus, n, the number of electrons in the 
ring, p, and the ring radius, a. With a free choice of a, Nicholson made nine 
of eleven nebular v,’s agree with as many f,’s for normal and ionized 
“nebulium.” A few months later, astrophysicists found a new v, that agreed 
perfectly with an unassigned f,, and in the meantime recognized that the 
two “nebular” lines that Nicholson could not accommodate belonged to a 
terrestrial element. 

The counsel from Solvay inspired Nicholson to try to fix the frequency f 
of the unperturbed rotation of the ring by a quantum rule. He computed 
the total energy E of each of his model atoms, using the parameters that 
experience had forced upon him. He then formed E/f, and learned that in 
all cases it equaled a whole number of quanta. After studying the Solvay 
proceedings, Nicholson required that the angular momentum of his models 
be an integral multiple of h/2z. That worked, too. He ended with the 
following picture of a radiating atom: “We are led to suppose [by the 
quantum theory] that lines of a series may not emanate from the same atom, 
but from atoms whose internal angular momenta have, by radiation or 
otherwise, run down by various discrete amounts from some standard 
value.” 


BOHR’S ATOMIC THEORIES, 1912-1914 


Bohr was drawn to the problem of atomic structure by his critical reaction 
to a paper by Rutherford’s mathematical physicist, C. G. Darwin (whom his 
good friend Bohr called “the grandson of the real Darwin”), on the slowing 
of alpha particles in their passage through matter. Bohr objected that 
Darwin had neglected resonance effects that enhance energy transfer when 39 
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Things are going rather well, for I 
believe I have found out a few 
things; but, to be sure, I have not 
been so quick to work them out as I 
was so stupid to think. I hope to 
have a little paper ready and to show 
it to Rutherford before I leave, and I 
am therefore so busy, so busy. 

Niels Bohr to his brother Harald, 

17 July 1912 
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the time of flight of the particle past an atom roughly equals the natural 
period of oscillation of some of its electrons. In trying to calculate the 
effects, Bohr rediscovered the mechanical instability of the Saturnian 
model; to proceed further, he needed to introduce a hypothesis that would 
allow him to calculate mechanical quantities from mechanically unstable 
models. The hypothesis, or rather fiat: any circular orbit satisfying the 
condition 


Tif=K (!) 


is stable against mechanical perturbations and radiation loss. Here T and f 
represent the kinetic energy and frequency of the orbiting electron, and K is 
analogous to Planck's h. The kinetic energy T replaces the total energy W so 
as to take account of two major differences between Rutherford’s model 
and a Planck oscillator: W is negative, and f depends on T. Several considera- 
tions, other than a loose analogy to Planck’s procedure, prompted or justi- 
fied writing a prescription of stability in the form (1). The formula pro- 
vided, as Bohr observed, a resolution of the problem of atomic size. And it 
allowed him at last to express mathematically the conviction to which he 
had been led by his attempts to save the electron theory of metals. 

Bohr’s chief line of research from June 1912 to February 1913 was the 
exploitation of condition (1) in the service of the nuclear model and the 
standard problems addressed in Thomson’s theory of atomic structure. In 
June or July 1912, ina memorandum drawn up for discussion with Ruther- 
ford, Bohr began by reinterpreting Thomson’s main accomplishment: the 
reduction of chemical periodicity to atomic structure. He calculated the 
total energy W, of an electron in a single ring of p electrons stabilized by his 
quasi- quantum fiat, and discovered that W, changes from negative at p = 7 
to positive at p = 8. On this reckoning an electron can leave a single ring 
containing more than seven others. The eighth electron goes into orbit 
outside the ring of seven; placing it inside does not make the ring capable of 
holding more, in contrast to Thomson’s model. 

Whereas Thomson embroiled all atomic electrons in chemical and opti- 
cal behavior, arrived at chemical periods of steadily increasing length, and 
offered no neat distinction between the mechanics of ionization and ra- 
dioactivity, Rutherford’s model afforded a firm base for understanding the 
populations of at least the first two periods, and for distinguishing the 
regions implicated in chemistry and spectroscopy (the electronic structure) 
from those responsible for radioactivity (the nuclear black box). Bohr thus 
arrived at the concept of isotopy on his own, and could recognize immedi- 
ately as “in complete accord with my ideas” the electrochemistry of the 
radioelements as summarized by his friend George de Hevesy in 1912. 
Much therefore depended on Bohr’s demonstration that W, changes sign 
between p = 7 and p = 8. The proposition is, however, altogether wrong; 
it rests on a numerical error—a doubling of the potential energy — that 
Bohr soon discovered. No doubt the need to find an alternative to Thom- 
son’s theory of periodicity encouraged his productive mistake. 
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Although Bohr failed to explain chemical periodicity in his first tilt with 
atomic structure, he retained the result to which his error led him: that an 
electron added to an atom with a saturated ring or rings goes outside, not 
inside, the existing structure. With this proposition and Rutherford’s ap- 
proximation n ~ A/2, Bohr could go far beyond Thomson and state pre- 
cisely the number of electrons in any normal atom. Since the nuclear model 
requires n,,, = 2, it follows that n, = 1, n,; = 3, and so on, each neutral 
atom containing a number of orbiting electrons equal to the number Z of its 
element in the periodic table, counting from hydrogen as one. Bohr spent 
much time in 1912 and 1913 assigning ring structures to light atoms and 
searching for a principle that would account for the periodicity in the table 
of elements. 

In the problem of diatomic molecules, Bohr worked from calculation 
and a model (a ring of binding electrons coaxial with the two nuclei), 
whereas Thomson had made do with analogy. The simplest case is the 
neutral hydrogen molecule, H». The electrons, always diametrically oppo- 
site each other, circulate under a net electrical attraction that provides the 


The H, molecule according to 
Bohr’s 1913 theory. 





needed centripetal force. For the nuclei (two protons) to stand in equilib- 
rium under the electric forces alone, we must have b = a/V3. For each 
electron, ordinary mechanics requires that 


zZ 
ma(2nf)? = — X. (2) 
a 


For the hydrogen molecule, this model gives X = 1.049. This may be 
compared with the result for a single electron orbiting a single central 
charge: for the hydrogen atom X = 1, and for singly ionized helium X = 4. 
Combining equations (1) and (2) gives the following results: 


2 2me*X? 
—-W= ~ = kinetic energy of orbiting electron = — (3) 


@) 


bital radi K? 
a = orbital radius = ———— 
17 me2X 
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Sketches by Bohr of his models for 
hydrogen and helium. 
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Even without knowing K, Bohr could deduce from their relative energies 
that H,* should dissolve spontaneously into a hydrogen atom and a hydro- 
gen nucleus, and that miscegenated molecules such as H:He do not form. 
These results were encouraging, and scarcely precedented. 

Bohr returned to Copenhagen in the autumn of 1912 to teach, and to 
wrestle with dispersion and magnetism. He began to worry that he might 
be anticipated. Others had found pieces to his puzzle: the Solvay sympo- 
siasts, the several guessers at isotopy, and, in January 1913, in the unlikely 
person of a Dutch lawyer, Antonie van den Broek, an independent discov- 
erer of the doctrine of atomic number. Van den Broek reasoned from two 
approximations: Rutherford’s result, n ~ A/2, and the average change in 
atomic weight, AA ~ 2, from one element to the next in the periodic table. 
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From the two approximations he inferred an exact law, An = 1; from 
Thomson’s experiments on positive rays, he took n,, = 1, and from Ruth- 
erford’s on alpha particles, n,,, = 2.6 He declared that “each element must 
[therefore] have an inner charge equal to nfe]—i.e., the nth element must 
have n intra-atomic charges of the same sign” that determine all its charac- 
teristics. “I am afraid I must hurry if [my work] is to be new when it 
appears,” Bohr wrote in February 1913, after reading van den Broek. “The 
question is indeed such a burning one.” 


RADIATIVE TRANSITION 


As the old questions were burning, a new one ignited. By the end of 1912 
Bohr had met Nicholson’s model of the atom, which, like his, was quan- 
tized and nuclear. But Nicholson’s atoms spoke the language of spectra, 
whereas Bohr’s were mute; and nebulium had the same electronic popula- 
tion as the doctrine of atomic number demanded for beryllium. “I therefore 
thought at first that the one [model] or the other was altogether wrong.” 
The conflict did not last long for Bohr. On New Year’s Day 1913, he wrote 
to his brother: “[My] calculations would be valid for the final, chemical state 
of the atoms, whereas Nicholson’s would deal with the atoms’ sending out 
radiation, when the electrons are in the process of losing energy before they 
have occupied their final positions.” Having settled with Nicholson, Bohr 
returned to his own problems. “I do not at all deal with the question of 
calculation of the frequencies corresponding to the lines in the visible 
spectrum,” he wrote to Rutherford. “I have only tried, on the basis of the 
simple hypothesis, which I used from the beginning, to discuss the consti- 
tution of the atoms and molecules in their ‘permanent’ state.” 

Radiation appeared on Bohr’s agenda in February 1913, when H. M. 
Hansen, Copenhagen’s expert on spectroscopy, asked or advised him to 
explain the Balmer formula for the frequencies v, of the lines of the visible 
spectrum of atomic hydrogen: 


v= R(5-4) 0 


where R is the Rydberg constant. “As soon as I saw Balmer’s formula,” Bohr 
recalled, “the whole thing was immediately clear to me.” Clarification may 
have dawned along the following lines. In Balmer’s formula, frequency 
appears as a difference, which, in accordance with the rough contemporary 
practice, could be connected with an energy difference by multiplying by h. 
Thus, Rh/n? would represent an energy, possibly the energy of one of 
Nicholson’s radiating or radiative states. But Bohr’s equation (3) for energy 
—W, contains in its denominator K?, where K is the same kind of quantity 
as h; compare this with equation (1). By putting K = ahn, where a is a pure 
numerical factor, equation (3) as applied to the hydrogen atom (X = 1) takes 
on the form Rh/n? with Rh = 2?me*/2a7h?. Using the then most recent 
values of the constants, Bohr would have found a = ', or K,, = nh/2. He 
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then had as the condition defining the nonpermanent or Nicholson states 


(If), = nh/2, (7 


from which he could compute — W,,, reverse his argument, and obtain the 
Rydberg constant R of equation (6) as a product of the atomic constants: 


277 me* 
h2 


To make a theory of this game, he needed a justification of equation (7). He 
supplied three: 

a. The first part of Bohr’s three-part paper on atomic structure published —_ +, daring (not to say scandalous) 
in 1913 opens with an appeal to Planck’s radiation theory. In falling from character of Bohr’s quantum 
infinity into an excited or Nicholson state—say, the nth—under the _ postulate cannot be stressed too 
attraction of a bare nucleus of charge Ze, an electron will radiate away Strongly: that the frequency of a ra- 

6 — sD diation emitted or absorbed by an 
energy E,, at frequency v,,, where, “from Planck’s theory,” E, = nhv,. Bohr LA verwenincccwiils 
; : <A atom did not coincide with any 

offered the following connection between this arbitrary adaptation of frequency of its internal motion must 
Planck and the desired expression T,, = nhf,,/2. A planetary electron bound _ have appeared to most contemporary 
by an inverse-square force has as total energy W,, the negative of its kinetic _ physicists well-nigh unthinkable. 
energy, —W,, = T,,; the energy required to remove it again to infinity, Léon Rosenfeld, ome vies 
—W,,, equals the amount it lost by radiation during the binding, wherefore SEEN See EE OE 
E,, = —W, = T,, = nhv,,. It remains to show that v, = f,/2. Bohr put the 
average of the initial mechanical frequency, f = 0, and the final f,, equal to 
the radiated frequency. Here he reached an abyss. On both ordinary and 
Planck radiation theory, the frequencies in the light from an atomic radiator 
are just those of the electrons producing it; on Bohr’s argument, invented to 
introduce a factor of two, mechanical and radiated frequencies no longer 
coincide. Pushing his hybrid theory had revealed an anomaly more serious 
than any with which he had started. 

Having achieved T, = nhf,,/2, Bohr presented the equivalents of equa- 
tions (3)-(5) with K = nh/2 and X = Z: 


_ 2n?me*Z? 
re 
4n*me*Z* 
jane 
e2 n2h? 
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The formulas for the several spectral series of neutral atomic hydrogen 
(Z = 1) follow from energy balance: 


W,—-W,,  2n*me* ( 1 1 
tag = He We = Dene (1 _ +) (9) 


The Balmer formula results from m = 2,n = 3,4, ... 45 
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Bohr himself was very much aware 
of the crudeness of that model; it 
resembled the atom no more than a 
quick pencil sketch resembles a living 
human face. But he also knew how 
profoundly difficult it would be to 
get a better picture. 
©. RB. Frisch, 
What Little I Remember, 1979 
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Although evidently ad hoc, Bohr’s “derivation” of his fundamental con- 
dition T,, = nhf,,/2 had some precedents in the widespread view that series 
spectra arise during electron capture, and in then recent reformulations of 
the quantum postulate by Planck and others. But the unintelligible out- 
come of Bohr’s calculation, which, in the case of the Balmer formula, takes 
the form v,, = f, — nf,,/2 (“the frequency of the nth Balmer line equals the 
mechanical frequency of the second orbit less n/2 times that of the nth”) had 
no precedent. 

b. After submitting his ad hoc condition on the radiation, E, = nhv,, 
and its justification, intended to connect his work closely with Planck’s, 
Bohr discarded both in favor of a condition on the orbits and one- quantum 
emission, hv = AW. The restriction is just (7/f),, = nh/2, now stated with- 
out argument. As Bohr observed, it is equivalent to Nicholson’s condition 
that the orbital angular momentum be an integral multiple of h/27. 

c. The third derivation, the deepest of all, begins by stipulating asymp- 
totic agreement at large values of n between radiated frequencies as calcu- 
lated by ordinary mechanics and by Bohr’s theory. The rationale for the 
stipulation was that with large n and big radii, the consequences of the 
restriction arising from atomic binding should disappear: the agreement 
concerns the numerical values of spectral frequencies, not their methods of 
production. Stipulating therefore that v,,,-; ~f, ~f,-1 for n => 1, and 
taking as condition on the states T,, = B(n)hf,, B(n) an unknown function, 
Bohr observed that the Balmer formula demands f#(n) = an, with @ a 
constant. That @ = ¥2 emerges from the asymptotic condition 


cae 1 1 «7? met _ 1?me* 
2h? La?( 


—_ n—1)? an? ~ hen 2" 20eh 
(The equations for vand f follow from Equations (3) — (5), with K = anh.) At 
the end of 1913, in a lecture to the Danish Physical Society, Bohr showed 
how to derive R without imposing any condition on the orbit. From the 
Balmer formula, read as an energy equation, he took —W, = —Rh/n?; 
from the usual relations among mechanical quantities of the orbit, f, = 
(-2W,3/m)"?/ne?, whence f,? = 2R°h?/nme*n®. Asymptotically, 

1 1 j _ 4R? 


_)? = R2] ——_ -——| ~— 
Vi. 1) Fe 1)? n2 6 , 


which, when equated to the above value of f,7, gives R = 22*me*/h? once 
again. By this time Bohr had decided that it was “misleading” to use his 
original analogy to Planck’s oscillator. He had greatly refined the hypoth- 
esis with which he repaired the mechanical instability of the nuclear atom. 

In one particular, Bohr’s mode of spectral analysis enabled him to make a 
striking prediction. Spectroscopists had detected lines whose frequencies 
approximately fitted the series formula 
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which is known as the Pickering series, and had attributed them to hydrogen 
on analogy to the Balmer formula. Bohr had no place for half integers, 
since in his view the running term of the spectral formulas for hydrogen 
numbered the possible orbits of the single electron; a half-integral orbit 
would correspond to an inadmissible half-quantum. He accordingly 
rewrote Pickering’s series as v = 4R(1/4* — 1/n?), and attributed it not to 
hydrogen but to ionized helium, which, with a nuclear charge of two, 
should have an effective Rydberg constant four times that of hydrogen. 
English spectroscopists confirmed Bohr’s conjecture by finding Pickering 
lines in helium carefully cleansed of hydrogen. Given the great precision of 
wavelength measurements, however, the agreement with experiment was 
not very good; the Pickering formula had never agreed with experiment 
nearly as well as the Balmer formula did. Bohr cleared up this business in 
October 1913 in a master stroke that destroyed the Rydberg’s universality 
and made theorists take him seriously. He had neglected, he said, the small 
motion of the heavy nucleus in estimating the electron’s energy in the 
stationary states. Repairing this omission in the way taught in elementary 
mechanics, which amounts to replacing m by m’ = m/(1 + m/mz), mz 
being the mass of the nucleus, Bohr came up with a formula for the true 
hydrogen Rydberg: Rj, = (mj,/m)R. Theory required Ry,/Ry = 4.00163. 
Spectroscopists looked, and reported Ry./Ry = 4.0016. The impression 
made by this extraordinary confirmation — in which refinements required 
by the flawed mechanical theory were invoked to confirm the nonme- 
chanical quantum postulate— may be gauged from Hevesy’s description 
(in a waywardly spelled letter to Bohr) of Einstein’s reaction to the news 
that the Pickering series belongs to helium. “When he heard this, he was 
extremely astonished and told me: ‘Than the frequency of the light does not 
depand at all on the frequency of the electron . . . And this isan enormous 
achiewement. The theory of Bohr must be then wright.” 


CONFIRMATIONS AND EXTENSIONS 


The success with ionized helium capped Bohr’s own initiatives. Further 
support for his views came in 1914, from three lines of inquiry taken up 
without reference to his theories or even to the general problem of atomic 
structure. One, begun as a study of the nature of X rays, continued as an 
exploration of characteristic X-ray spectra, and ended in a search for new 
elements. The explorer, H. G. J. Moseley, whom Bohr had met at Man- 
chester, discovered that the X-ray lines of highest frequency emitted by the 
metals he examined satisfied the equation v = (R/4)(Z — 1)?, Z being the 
atomic number of the metal. The equation resembled Balmer’s, and the 
unsuccessful theory that Moseley invented to derive it resembled Bohr’s. 
The relations among them were made clear in 1915 by Walther Kossel, who 
interpreted X-ray emission as the transition of a vacancy in the electronic 
structure from the inner to the outer reaches of the atom. 47 
A second corroboration emerged from the experiments of James Franck 
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Niels Bohr (right) with Arnold 
Sommerfeld in Lund, Sweden, in 1917. 


Dear Colleague: I thank you very 
much for sending me your extremely 
interesting work, which I had 
already studied in the Philosophical 
Magazine. The problem of 
expressing the Rydberg-Ritz constant 
by Planck’s h has been for some time 
in my thoughts. A few years ago I 
talked about it to Debye. Although I 
am for the present still rather 
sceptical about atom models in 
general, nevertheless the calculation 
of this constant is indisputably a 
great achievement . . . Are you also 
going to use your atom model for 
the Zeeman effect? I wanted to work 
on it. Perhaps I can hear of your 
plans in greater detail through Mr. 
Rutherford, whom I hope to see in 
October. 

Arnold Sommerfeld to Niels Bohr, 

4 September 1913 
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and Gustav Hertz, who had started measuring what they thought were 
ionization potentials in gases before Bohr took up the study of atomic 
structure. Bohr was able to reinterpret the values they gave for “ionization 
potentials” as energies of the lowest excited states of the gas atoms; and he 
was able to extract, from their finding that an atom does not exchange 
energy with an electron whose energy is insufficient to “ionize” it, a 
demonstration of the existence of discrete electronic orbits or atomic sta- 
tionary states. The third corroboration was squeezed from the discovery in 
1913 by Johannes Stark that a spectral line can be split into several by a 
strong electric field. Since physicists at that time argued that on classical 
theory the effect ought not to have been detectable, Stark’s results immedi- 
ately challenged quantum theory, and several physicists showed that, with 
one or another adjustment of Bohr’s quantum hypothesis, the observed 
splitting could be calculated. 

In 1915 Arnold Sommerfeld began to rework Bohr’s hodgepodge theory 
into a formal structure by imposing conditions on the electron orbits and 
by making the deduction of the energy levels of the atoms a straightforward 
algorithm. Bohr improved Sommerfeld’s approach by bringing out con- 
nections between quantum formalism and the Hamilton-Jacobi theory of 
classical mechanics. This effort, which occupied him from 1916 to 1919, 
sharpened the contradiction between the main elements in his theory, and, 
in a few cases, showed how to fashion or calculate quantum-theoretical 


Bohr’s First Theories of the Atom 


quantities from a knowledge of “corresponding” classical concepts. Char- 
acteristically, as he took the demands of classical mechanics more and more 
seriously in order to fix the fulcrum on which his correspondence principle 
would turn, he also restricted still further the reach of “ordinary concepts” 
(as he called the ideas of classical science) in atomic physics. Advance was 
possible there, Bohr wrote in the autumn of 1914, only by “departing from 
the usual considerations to an even greater extent than has [yet] been neces- 
sary.” His chief guide and compass for this departure — for tracking down 
the true quantum theory that would replace his contradictory and make- 
shift one — were to be the usual considerations and ordinary concepts that 
no longer sufficed. 
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Although Niels Bohr’s atomic theory of 1913 was essentially a theory of the 
hydrogen atom, it also promised a deeper understanding of the structure of 
more complicated atoms. On the basis of earlier atomic models, such as J. J. 
Thomson’s, it was not possible to construct realistic models of atoms. But 
with Bohr’s theory the dream of many chemists and physicists — to explain 
the nature and interrelationship of the chemical elements by means of 
atomic theory — seemed within the reach of realization. The idea that the 
periodic system of elements can, in principle, be deduced from the me- 
chanics of atoms was old. It went back to Lothar Meyer and Dmitri Men- 
deleev, who first established the periodic system in 1869. 

Bohr’s theory of 1913 resulted in a flow of more or less speculative 
proposals concerning the arrangement of electrons in the various elements. 
Bohr himself had attacked the problem in the second part of his Trilogy, in 
which he presented tentative structures for part of the periodic system. “It 
will be attempted,” he wrote, “to obtain indications of what configurations 
of the electrons may be expected to occur in the atoms.” Bohr pictured 
atoms as systems of concentric electron rings and proposed the configura- 
tions shown in the table. Although most of these structures were wrong, he 
clearly indicated the fundamental explanation of the periodic system: the 
similarity between elements of the same chemical group is caused by their 
having the same number of electrons in the outer shells. In Thomson’s 
earlier explanation, which was not based on the nuclear atom, the similar- 
ity was assumed to depend on the inner electron structures. 

After his tour de force of 1913 Bohr turned his interest to the general 
structure of quantum theory and, in particular, the development of what 
came to be known as the correspondence principle. “For the present I have 
stopped speculating on atoms,” he wrote to Henry Moseley in 1913. Other 
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Bohr’s arrangement of the electrons in light atoms, as 
proposed in 1913. 


H (1) F (4,4,1) Cl (8,4,4,1) 
He (2) Ne (8,2) Ar (8,8,2) 
Li (2,1) Na (8,2,1) K (8,8,2,1) 
Be (2,2) Mg (8,2,2) Ca (8,8,2,2) 
B (2,3) Al (8,2,3) Sc (8,8,2,3) 
C (2,4) Si (8,2,4) Ti (8,8,2,4) 
N 4,3) P (8,4,3) V (8,8,4,3) 
O (42,2) S  (8,4,2,2) Cr (8,8,4,2,2) 


scientists attempted to construct models of the higher atoms, guided by 
Bohr’s theory and the vast amount of chemical and spectroscopic data. By 
1920 there were several proposals as to the arrangement of electrons 
throughout the entire periodic system — proposals, for example, by Rudolf 
Ladenburg in Germany, L. Vegard in Norway, Irving Langmuir in the 
United States, and C. R. Bury in England. However, none of these pro- 
posals was satisfactory or generally accepted. Whether based on chemical 
or physical methods, all involved a great deal of speculation and very little 
theoretical justification. Bohr wanted to understand the reasons for the 
periodicity of the elements in terms of the general principles of quantum 
theory. In his new theory of atomic structure, developed in 1921-1923, he 
attacked this difhcult problem in a highly original and largely successful 
way. Although Bohr’s theory was not the first attempt to account for the 
periodic system in terms of atomic structure, it was the first theory of the 
complete periodic system which built consistently on the new quantum 
theory. 


A NEW ATOMIC THEORY 


From 1914 to 1916 Bohr held the Schuster Readership in physics at the 
University of Manchester, while waiting to be appointed a professor at 
Copenhagen. He obtained the professorship in 1916 and started to work, 
under unsatisfactory conditions, in the buildings of the Institute of Poly- 
technics. Bohr realized that the inadequate facilities at the institute were 
preventing theoretical physics from developing in Denmark and proposed 
in 1917 that the university should establish its own institute for fundamen- 
tal physics. Planning the new institute turned out to be slow and trouble- 
some, and Bohr expended much time and energy to bring into existence 
what eventually became Universitetets Institut for Teoretisk Fysik, better 
known as the “Bohr Institute.” It was inaugurated on 3 March 1921, with 
Bohr, of course, as its director. He engaged himself whole-heartedly in the 
establishment and running of the institute. The administrative burdens, 
together with his scientific endeavors, led him to a state of collapse in the 31 
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Rough notes concerning the 
structure of higher atoms, made by 
Bohr in 1920. 





spring of 1921. Nevertheless, it was at that time that he developed his new 
theory of the structure of atoms. 

Bohr first presented his new ideas in a lecture before the Physical Society 
in Copenhagen in December 1920. In March and September 1921, he 
published the essential features of the theory in two short papers in Nature. 
These papers aroused great interest among physicists in England and Ger- 
many, who urged Bohr to publish a more detailed and complete version of 
his theory. Bohr’s use of the correspondence principle in particular puzzled 
his colleagues, as shown by the following excerpts from letters: “I have read 
your Nature letter with eager interest . . . Of course I am now even more 
interested to know how you saw it all in terms of correspondence” (Ehren- 
fest to Bohr, 27 September 1921). “Everybody is eager to know whether you 
can fix the ‘rings of electrons’ by the correspondence principle or whether 
you have recourse to the chemical facts to do so” (Rutherford to Bohr, 26 
September 1921). 

A more complete version of Bohr’s theory was published in an extraordi- 
nary sixty-four-page article entitled “The Structure of the Atoms and the 
Physical and Chemical Properties of the Elements,” which appeared in 
Zeitschrift fiir Physik in March 1922. The article gained a wide readership 
and was soon translated into English and French. German physicists ob- 
tained a firsthand impression of Bohr’s theory in June 1922, when he 
delivered a series of lectures at the University of Géttingen. These lectures, 
later known as the “Bohr festival,” were an important event in the history 
of atomic physics (see the reminiscence by Friedrich Hund in this volume). 
The young German physicists, such as Pauli, Hund, Alfred Landé, Walther 
Gerlach, Pascual Jordan, and Heisenberg, were fascinated by Bohr’s lectures 53 
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My early research work, in the early 
1920s, was based on Bohr orbits, and 
was completely unsuccessful. I was 
taking the Bohr orbits as physically 
real and trying to build up a 
mathematics for them. The Bohr 
orbits apply to individual electrons, 
and for an atom containing several 
electrons one required a theory of 
Bohr orbits in interaction. I worked 
hard on this problem, along with 
other people. One sees how futile 
such work was. Heisenberg showed 
that one needed a completely new 
mathematics, involving noncommu- 
tative algebra. The Bohr orbits were 
an unsound physical concept and 
should not be used as the basis for 
such a theory. I learnt my lesson 
then. I learnt to distrust all physical 
concepts as the basis for a theory. 
Instead one should put one’s trust in 
a mathematical scheme, even if the 
scheme does not appear at first sight 
to be connected with physics. One 
should concentrate on getting an 
interesting mathematics. 

P. A. M. Dirac, “The Mathematical 

Foundations of Quantum Theory,” 

1978 
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and personality. They became convinced that the quantum theory of atoms 
was the hottest area of current physics and that Bohr was its prophet. Pauli 
later said that when he met Bohr in Gottingen, “a new phase of my life 
began.” 


FROM HYDROGEN TO URANIUM, AND BEYOND 


At the time that Bohr’s theory emerged there were, basically, two different 
conceptions as to the arrangement of electrons in the atom. According to 
the static model, proposed by Gilbert Lewis and Irving Langmuir and 
favored by most chemists, the electrons were arranged in shells, each elec- 
tron or pair of electrons occupying a stationary position. However, most 
physicists preferred a dynamic model based on Bohr’s model of 1913. Ac- 
cording to this view, the electrons moved rapidly in circular (or elliptic) 
orbits in a ringlike structure. Bohr thought that both models were inade- 
quate. He dissociated himself in particular from the chemists’ static atom, 
which, he pointed out, could not be justified by quantum theory. 

The basic features of Bohr’s new picture of the atom can be summarized 
as follows: 

a. The electrons move around the nucleus in elliptic orbits, grouped 
according to their quantum numbers. In classifying the orbits, Bohr used the 
principal quantum number n (n = 1, 2, 3, . . .) and the azimuthal quan- 
tum number k (k = 1, 2, ., n). Electrons with n = 1 were called K 
electrons, those with n = 2 were called L electrons, and so on. A group of z 
electrons with specific n and k quantum numbers was written by means of 
the notation (n,)?. The two quantum numbers specify the geometric orbit. 
If k =n, the orbit is circular, whereas k smaller than n indicates a Kepler 
ellipse whose eccentricity increases with n — k. The so-called inner quan- 
tum number (/), used in the classification of spectra, played an insignificant 
role in Bohr’s scheme. 

b. The structure of an atom of atomic number Z can be considered as the 
result of the successive addition of Z electrons to a bare nucleus. According 
to Bohr’s so-called Auf bauprinzip (“construction principle”), the addition 
of electron number p to a partially completed atom with p— 1 bound 
electrons will leave the quantum numbers of the p — 1 electrons un- 
changed. When, in this building-up process, a new atom is formed, the 
principal quantum number of the last captured electron will differ from 
that of the already bound electrons in the outer shell only if the atom being 
formed belongs to a new period of the periodic system. Thus, in each new 
period n increases by one unit. For example, although helium has the 
eats (1 i)? the new electron in lithium will be in the quantum state 

; —that is, it moves elliptically around the two crossed 1, circular orbits of 
lke 

c. The valence electrons of most metals move in elliptic n, orbits which, 
because of their eccentricity, penetrate the stable shell of eight electrons that 
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characterizes the noble gases. The idea of penetrating orbits was indepen- 
dently published by Erwin Schrédinger in 1921, but only Bohr applied it 
systematically to the periodic system. Bohr showed that in order to account 
for the optical spectrum of sodium, its valence electron must be assumed to 
penetrate the neon core and thus be classified as a 3, electron. Most earlier 
theories had assumed the electron to be in a 1, state, and Schrédinger had 
proposed the state 2). 

d, The structure of the so-called transition group elements was explained 
as a result of the penetration effect. Whereas the two valence electrons in 
calcium are both in a state 4,, corresponding to the two 3, electrons in 
magnesium, the next electron will not be in the N group but in the state 
3, —that is, belonging to the M group. From scandium to copper, the M 
group is completed from (3,)*(32)* in calcium to (3,)°(32)°(@3)° in copper. 
Bohr’s explanation of the transition groups, including the rare earths, thus 
resembled the older ideas of intermediate shells proposed by Rudolf Laden- 
burg and others. However, Bohr’s explanation was based on a model in 
which the concept of electron shells had no proper meaning. 

Elaborating on these and other concepts and making use of the empirical 
knowledge of the elements, Bohr was able to assign definite structures to 
the atoms of the entire periodic system (see table on next page). Bohr had 
considerable confidence in his theory. He believed that he had established 
the true principles for describing the structure of atoms and that a physical 
explanation of the periodic system, as dreamt of by Mendeleev, was within 
his reach. He did not hesitate to construct hypothetical transuranium 
elements, announcing to his audience in Gottingen that “one could go 


— er hr i tae = ‘ 
‘ i fhe a. Na wv | 4 CO 
» bol VA 
N. \y > 
| 4 
A } | 


Bohr's notes of 1921 for his new 
atomic theory, embodying penetrat- 
ing electron orbits and a new scheme 
for the distribution of electrons. 
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Bohr’s scheme of the distribution of electrons in atoms of the periodic system as presented in 
Gottingen and elsewhere in 1922. Notice that element 72 has no chemical symbol and that 
Bohr used the name cassiopeium (Cp) instead of lutecium (Lu) for element 71. The version 
here is taken from Bohr’s Nobel lecture. 
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on . . . and build some one hundred or one thousand elements”! The 
element with atomic number 118, still unknown today, was predicted to be 
a noble gas with eight Q electrons in its outer shell (Gee table). 

In lectures in Géttingen, Cambridge, and Copenhagen, Bohr illustrated 
his theory with a new version of the periodic system, sometimes known as 
the Bohr-Thomsen table. Bohr’s version was based on a much earlier table 
proposed by Danish chemist Julius Thomsen in 1895: Bohr simply modern- 
ized Thomsen’s system, with which he had been acquainted since his 
student days. In Thomsen’s system the chemical groups are vertical, con- 
trary to the standard version, and the transition groups fit into the system 
in a natural way. In his lectures on atomic theory during the period in 
question, Bohr also made use of large plates that pictured the electron orbits 
in the atoms of selected elements. The orbits were drawn to scale and 
colored in red and black. The plates, with their visual qualities and beautiful 
geometric forms, impressed the audience —in particular the picture of 
radium (see next page), in which all eighty-eight orbits were meticulously 
drawn. The original plates have unfortunately disappeared. 


METHOD AND SCIENTIFIC STYLE 


Bohr’s method for building up atoms cannot really be characterized by 
means of standard labels such as “empiricism” and “deductivism.” Perhaps 
the most suitable label is “eclecticism,” since Bohr applied a peculiar mix- 
ture of empirical evidence and theoretical reasoning, tied together with a 
more intuitive understanding. The most important components of Bohr’s 
method are reconstructed in the figure on page 59. 
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The periodic systems of Julius 
Thomsen (left) and Bohr. Thomsen’s 
diagram is an unpublished version 
from 1898, made for his lecture 
room. It hung for many years in front 
of successive audiences of Danish 
chemistry students —— among them 
Niels Bohr, who as a student 
attended classes in physics, mathe- 
matics, astronomy and chemistry. 
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The eighty-eight electron orbits of 
radium in Bohr’s model. 
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Bohr’s theory relied heavily on chemical and spectroscopic evidence, as 
does atomic theory in general. However, it was the use of general concepts 
that distinguished his theory from all other atomic theories and supplied it 
with Bohr’s personal imprint. Most research papers in physics are objective 
and rather bloodless accounts which reveal nothing about the personality of 
their authors; in a sense they are, and are intended to be, anonymous. Bohr’s 
works on the periodic system are very different. They are permeated by the 
spirit of Bohr’s thinking. They could not possibly have been written by any 
other physicist. 

The general principles, as applied by Bohr, were used in a philosophical 
rather than a mathematical or physical way. That is, they were not stated 
quantitatively but were qualitative considerations of an intuitive kind. 
Bohr’s use of the correspondence principle, perhaps the most characteristic 
component of the theory, illustrates this point. 

Bohr worked out the correspondence principle as a powerful tool of 
quantum theory in about 1918, In the early twenties he used it as a means of 
choosing the correct quantum state of an electron which is added to an 
atom not yet complete. According to Bohr, the correspondence principle 
offered “for the first time a rational theoretical basis . . . for the discus- 
sion of the arrangement of the orbits of the electrons.” What Bohr had in 
mind was that the building up of atoms was ruled by the correspondence 
principle. If the capturing process of a free electron is assumed to end in a 
state n,, this can take place only if the process is consistent with the 
correspondence principle. But when is a hypothetical capturing process 
consistent with the correspondence principle and, in this sense, rational? 
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Bohr’s own explanation was markedly vague. “Among the processesthat The conceptual structure behind 
are conceivable and that according to the quantum theory might occur in Boht's theory of the periodic system. 
the atom, we shall reject those whose occurrence cannot be regarded as 
consistent with a correspondence of the required nature.” Throughout his 
construction of the periodic system, Bohr applied correspondence argu- 
ments in a way which creates the impression that he had reached his results 
by means of elaborate calculations. For example, he stated that if lithium is 
formed by adding a third electron to the helium electron structure, the 1, 
orbit cannot be reached through a continuous alteration of the 2, orbit. “A 
closer investigation,” he wrote, shows that a transition from L to K will 
“not exhibit a correspondence with a harmonic component in the motion 
of the atom.” However, Bohr’s “closer investigation” —a favorite phrase in 
his idiosyncratic terminology — did not imply a mathematical deduction 
from quantum theory or, for that matter, calculations at all. Such 
calculations —for example, of transition probabilities based on Fourier 
coefhcients — were later performed by Frank Hoyt, an American physicist 
working at Bohr’s institute, but his laborious calculations turned out to be 
unfruitful. Bohr realized instinctively that the atom was too complicated a 
system to be treated by means of the mathematical machinery of current 
quantum theory. He had little confidence in the “mathematical chemistry” 
that Sommerfeld, Max Born, and other German theorists regarded as an 
ideal. Instead, Bohr relied on a sort of intuitive understanding of what went 
on during the formation of atoms. Because of the intuitive nature of Bohr’s 
explanations, they could not help appearing obscure or even incomprehen- 
sible. Substantial parts of Bohr’s theory were in a sense nonobjective, 59 
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Pauli, the great critic and puritan, 
did not like this attempt at an 
explanation. He sensed already in 
1921 that a major principle was 
hidden in these regularities. As an 
interesting testimony to Pauli’s 
attitude, I quote some remarks that | 
found scribbled on the margins of a 
book in the Pauli library at CERN. 
The book contains Bohr’s famous 
paper on the Aufbauprinzip. During 
his discussion of the adding of the 
eleventh electron to the closed shell 
of ten electrons, Bohr remarks: “We 
must expect that the eleventh 
electron goes into the third orbit.” 
(“Wir miissen erwarten dass das 
11.Electron (Na) in die 3.Bahn geht.”) 
Pauli, obviously annoyed by this 
statement, writes hastily in the mar- 
gin with two exclamation marks, 
“No reason to expect anything; you 
concluded it from the spectral!” 
(“Wir miissen es nicht erwarten aber wir 
wissen es aus den Spectren!!"’) 

V. F. Weisskopf, “Three Steps in 

the Structure of Matter,” 1970 
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because the reasoning applied by Bohr could not be reproduced or under- 
stood by other physicists. Bohr’s idiosyncratic use of the correspondence 
principle is difficult to justify. More often than not, the principle seems to 
act as a deus ex machina. Hendrik Kramers, Bohr’s closest associate at the 
time, was one of the few physicists who really grasped the spirit of the 
theory. He once recollected how the correspondence principle appeared to 
most physicists as “a somewhat mystical magic wand, which did not act 
outside Copenhagen.” 

Not until Bohr himself came and waved the magic wand in Gottingen 
did the German physicists — by training and spirit more inclined to the 
mathematical approach to atomic structure — realize that Bohr’s theory 
was not of the mathematical-deductive type. From Bohr’s writings they 
had believed that the theory was based on extensive calculations of penetra- 
tion and correspondence effects. Naturally they wanted to learn the details 
of what they thought were Bohr’s secret mathematical methods. As 
Kramers said thirteen years later: “It is interesting to recollect how many 
physicists abroad thought, at the time of the appearance of Bohr’s theory of 
the periodic system, that it was extensively supported by unpublished cal- 
culations which dealt in detail with the structure of the individual atoms, 
whereas the truth was, in fact, that Bohr had created and elaborated with a 
divine glance a synthesis between results of a spectroscopical nature and of 
a chemical nature.” 

During the Gottingen lecture series in 1922, German physicists realized 
that methodologically Bohr’s theory was of an entirely different kind from 





The various stages of the capture of the nineteenth electron in the potassium atom, as 
shown by Bohr in his Nobel lecture and on other occasions in 1922. The electron ends up 
in a 4, orbit that penetrates into the closed shell with eighteen electrons, symbolized by a 
dotted ring. The elliptic 4, orbit precesses about the nucleus. 
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what they had expected and were used to. Many years later, Heisenberg 
recalled his impressions as follows: “It could very distinctly be felt that Bohr 
had not reached his results through calculations and proofs but through 
empathy and inspiration and that it was now difficult for him to defend 
them in front of the advanced school of mathematics in Géttingen.” 

The German physicists’ immediate response, characterized by enthusi- 
asm as well as a certain lack of critical attitude, was no doubt due to the 
enormous authority that Bohr had in the community of German atomic 
physicists. They endowed Bohr with an almost godlike status and were 
ready to believe, without reservation or closer examination, that he could 
do miracles in the area of atomic structure. Sommerfeld’s response to 
Bohr’s first announcement of his theory — that “it evidently represents the 
greatest advance in atomic structure since 1913”—was echoed by most of 
his colleagues. 


ELEMENT NUMBER 72 


In 1921 the exact place of the rare-earth elements in the periodic system was 
still a matter of discussion among chemists and physicists. Most versions of 
the periodic system implied that the rare-earth group included the un- 
known element 72. After the development of X-ray spectroscopy, pioneered 
by Moseley, it was known that only a few elements remained to be discov- 
ered, in particular those of atomic numbers 43, 61, and 72. The result of 
Bohr’s theory with respect to the rare earths was therefore a topic of 
considerable interest. 

According to Bohr, the rare earths were characterized by a building up of 
the N group, from 4,)°4,)°43)? at cerium to 4,)84,)°45)%4,)° at element 
71, lutecium. The unknown element 72 therefore had to be a homologue of 
zirconium and not a rare earth. Using rather obscure arguments involving 
correspondence and symmetry, Bohr wrote in Géttingen the electron 
structure for element 72 as shown in the table on page 56. 

Bohr’s confidence in his theory, including its prediction of element 72 as 
a member of the fourth subgroup, increased during the summer and fall of 
1922, when the technique of X-ray spectroscopy was successfully applied to 
confirm the theory. The confirmation was primarily due to Dirk Coster, a 
Dutch physicist who worked with Manne Siegbahn at Siegbahn’s labora- 
tory in Lund, Sweden. Bohr invited Coster to the new institute in Copen- 
hagen where they jointly investigated the relationship between Bohr’s 
theory and the X-ray data from all known elements. Coster concluded that 
the data were in “beautiful agreement” with the theory. Bohr and Coster 
were also able to interpret the data for the rare earths in terms of the theory. 
They concluded that the measured X-ray absorption edges of the elements 
were well accounted for if the building up of the 4, quantum state started at 
element 58 and was completed at element 71. 

During 1922 the question of element 72 took a new and dramatic turn. 61 
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In May, Alexandre Dauvillier, who worked at Maurice de Broglie’s private 
laboratory in Paris, investigated a sample that the French chemist Georges 
Urbain had isolated in 1911 from the earth ytterbium. On the basis of 
chemical analysis Urbain claimed to have discovered a new rare-earth 
element, which he placed as number 72 in the periodic system. Urbain 
named the element celtium, after France, but the discovery was not gener- 
ally accepted. Dauvillier was able to detect in Urbain’s sample two weak 
X-ray lines, which he interpreted as proof that element 72 was a constituent 
of the sample. “It is now unquestionable that the element of atomic number 
72 is actually celtium, [which has] conclusively won its place among the 
chemical elements,” the two French scientists wrote. 

The announcement of the discovery of celtium was naturally considered 
most inconvenient in Copenhagen. If Dauvillier and Urbain were right, 
element 72 belonged to the rare earths, which contradicted Bohr’s theory. 
Bohr was not willing to accept the French claim at its face value and asked 
Coster about his opinion. “The question [of celtium] is of paramount 
interest, since, as you know, the ideas of atomic structure seem to require 
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An early X-ray emission spectrum of hafnium. On the left is an almost complete L 
spectrum, taken in 1923 from a sample containing 95 percent hafnium. The L lines 
originate from electrons jumping from a higher energy state to the state characterized by 
n = 2. The strong copper lines are X rays emitted from the anticathode-of the X-ray 
tube. On the right is a photometric record of an early hafnium sample, probably from 
January 1923. The intensity of the X rays is plotted against the wavelength. The three 
curves are from three different stages of chemical precipitation with sodium phosphate. 
In curve II] the hafnium content has vanished. The tantalum line of constant intensity is 
a calibration standard from which the amount of hafnium can be estimated. 
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Plaque commemorating the 
discovery of hafnium: “Element no. 
72, discovered 1922 in Copenhagen.” 
This plaque was presented to the 
City of Copenhagen on the occasion 
of its eight-hundredth anniversary 
(1967) and is now in the town museum. 
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that a substance with atomic number 72 must have essentially different 
properties from the ones shown by the rare earths.” Coster rejected celtium 
and assured Bohr that Dauvillier’s measurements were generally inaccurate. 
Consequently, Bohr chose to ignore celtium and to stick to his theory. 
Bohr himself had not intended to search for an alternative to celtium. It 
was Coster and George de Hevesy, the Hungarian-born chemist who 
worked at Bohr’s Institute, who took the initiative. Guided by Bohr’s 
theory, they prepared samples of zirconium minerals and investigated their 
X-ray spectra. After a few weeks’ work they were able to identify two fairly 
strong X-ray lines, which they ascribed with certainty to atomic number 
72. Coster and Hevesy’s discovery was made just in time for Bohr to 
announce it in his Nobel lecture in Stockholm on 11 December 1922. 
Continued investigations at Bohr’s institute soon confirmed the exis- 
tence of considerable amounts of element 72 in zirconium minerals. 
Within a year the new element had been isolated, and Bohr and his asso- 
ciates discussed a name for it. Hevesy and Coster proposed to call it haf- 63 
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nium, referring to the Latin name for Copenhagen. Although Bohr pre- 
ferred to keep a low profile in the discovery of hafnium, there is no doubt 
that he played an important role, both as director of the institute and as 
originator of the theory which predicted the main properties of the ele- 
ment. Congratulating Hevesy on the discovery, Rutherford wrote: “I am 
sure that it is highly gratifying to Bohr, even if he tries to suppress it.” 

The announcement of the discovery of hafnium led immediately to a 
priority dispute with Urbain and Dauvillier in Paris. To complicate the 
matter, yet another candidate for element 72 was advanced by British 
chemist Alexander Scott, who claimed to have discovered it in 1918. Scott’s 
name for the element was oceanium. Although oceanium turned out not to 
be a serious competitor for hafnium, the rivalry with Paris gave rise to a 
long and bitter priority conflict. Even though Bohr was not directly in- 
volved in the conflict, it disturbed him very much. At the height of the 
priority debate he wrote to Rutherford: “You can hardly imagine how great 
a comfort your kind letter was to us all in this terrible muddle about the 
new element, in which we quite innocently have dropped. We had never 
dreamt of any competition with the chemists in the hunt for new elements, 
but wished only to prove the correctness of the theory. In the letter from 
Urbain which the editor of Nature kindly sent us for possible comments, he 
tries however to shift the whole matter, paying no regard to the important 
scientific discussion of the properties of the element 72, but tries only to 
claim a priority for announcing a detection of such an element.” 


THE SIGNIFICANCE OF BOHR’S THEORY 


Bohr’s theory of the periodic system quickly became generally accepted 
among physicists. The success was, however, short-lived, as evidence con- 
tradicting the details of the theory soon accumulated. The evidence came 
in particular from X-ray spectroscopy and chemistry. For example, Dau- 
villier and Louis de Broglie! showed that the X-ray data were difficult to 
reconcile with Bohr’s proposal of four 2, electrons. They argued that the 
particles should be classified as two 2, electrons and two 2, electrons. Partly 
on the basis of Dauvillier and de Broglie’s proposal, Edmund Stoner devel- 
oped in 1924 a complete set of electron distributions which differed from 
Bohr’s. In particular, Stoner incorporated the inner quantum number j, 
which he interpreted as the angular momentum of the individual electrons. 
Each n, sublevel was further subdivided as n,,, where j = k or k — 1; each of 
the nj, sublevels was assumed to be populated with a maximum of 2/ 
electrons. In this way the complete L level contains two electrons with 
k = Land six electrons with k = 2— that is, (2,)?(22)° as opposed to Bohr’s 
(21)*(22)*. 

Stoner’s system was soon recognized as superior to Bohr’s. It agreed 
better with the details of X-ray spectroscopy and also with the chemical 
evidence. The system received strong support from J. D. Main-Smith, who 
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independently worked out a complete system of electron distributions, 
mainly guided by chemical considerations. Although Stoner and Main- 
Smith’s system was empirically superior to Bohr’s, it lacked the theoretical 
justification which characterized Bohr’s system. This foundation was sup- 
plied in 1925, when Pauli introduced his famous exclusion principle. Pauli’s 
work made possible a satisfactory understanding of the electron distribu- 
tions throughout the periodic system. The exclusion principle, or Pauli 
Verbot, has proved to be the magic key which can unlock the secrets of the 
periodic system. In its standard version it states that two or more electrons 
in the same atom cannot have the same set of quantum numbers. The 
contributions of Stoner, Main-Smith, and Pauli took place before quantum 
mechanics was introduced, but the new atomic physics did not change their 
results materially. Even today the results of Stoner, Main-Smith, and Pauli 
are taught in textbooks, although, of course, differently phrased and inter- 
preted. 

When Main-Smith and Stoner proposed their scheme in 1924, Bohr was 
involved in other areas such as radiation theory and the application of the 
correspondence principle to dispersion. His attitude to the new concept of 
electron configurations was rather conservative. Although he did not stick 
to the details of his own theory, his first impression of Stoner’s work was 
negative. In a letter to Coster of December 1924 he admitted the “formal 
beauty and simplicity of his [Stoner’s] classification”; but he also stressed 
that “from quantum-theoretical points of view, it cannot mean a final 
solution to the problem, since we do not yet possess any possibility of 
connecting the classification of levels in a rational manner with a quan- 
tum-theoretical analysis of electron orbits.” Bohr was uncompromising in 
his demand that electron orbits must be specified in the sense of the 
correspondence principle, and he was unable to see how this could be done 
with Stoner and Main-Smith’s scheme. 

Only with the advent of Pauli’s work did Bohr admit that the new 
scheme was also superior to his own when considered from the point of 
view of quantum theory. Still, Bohr was not completely happy with Pauli’s 
theory, because it did not bring the completion of the electron shells into 
relation with his beloved correspondence principle. Pauli’s work rested on 
the Aufbauprinzip but not on the other concepts on which Bohr had 
founded his theory. On the contrary, Pauli rejected Bohr’s extensive use of 
correspondence and symmetry. In a letter of December 1924 he wrote to 
Bohr: “I have often told you that I think that the correspondence principle 
has really nothing to do with the problem of the completion of the electron 
groups in the atom . . . I believe that everything really is much simpler; 
one does not at all have to talk about harmonic interplay.” 

If Bohr’s theory of the periodic system was only a parenthesis in the 
development of physics, why does it still deserve attention? For one thing, 
despite its short lifetime it was an important step toward the presently 
accepted theory. Bohr’s theory provided the first theoretically founded 65 
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scheme of the constitution of all the elements. When Stoner, Main-Smith, 
and Pauli developed their ideas, they did so against the background of 
Bohr’s theory, which served as a source of inspiration and criticism. Fur- 
thermore, the main results of Bohr’s theory are still valid. His version of the 
periodic system and the distribution of electrons according to their princi- 
pal quantum numbers has not been changed by the later development. 

More important, perhaps, the very fact that the theory is the intellectual 
child of Niels Bohr makes it historically significant. If one wants to under- 
stand the physical thinking which was peculiar to Bohr, the theory of the 
periodic system is a profitable work to study. Indeed, his writings concern- 
ing the periodic system are throughout impregnated with his personal 
style. For example, it is remarkable that in his voluminous articles from 
1921 to 1923 there are virtually no mathematical formulas. Lengthy argu- 
ments in involved sentences, filled with general and often vague considera- 
tions, became the hallmark of Bohr’s philosophical approach to physics. 
This style, the first full example of which was given with the theory of the 
periodic system, can also be found in many of Bohr’s later works. His work 
on radiation theory of 1924 (the Bohr-Kramers-Slater theory), his contri- 
butions to the interpretation of quantum mechanics, and his theory of 
nuclear reactions (developed from 1936 to 1939) have much of the same 
general nature. In his Autobiographical Notes (1946), Einstein praised Bohr’s 
“unique instinct and tact” which expressed “the highest form of musicality 
in the sphere of thought.” Indeed, to label Bohr’s theory of the periodic 
system as “musical” is a good characterization. 

Obviously, Bohr’s personal style, his idiosyncratic vocabulary, and his 
belief in a complementarity between clarity (Klarheit) and truth (Wahrheit) 
made some of his works difficult to appreciate for physicists outside the 
Copenhagen circle. Paul Dirac once expressed this difference in mental 
attitude as follows: “While I am very much impressed by what Bohr said, 
his arguments were mainly of a qualitative nature . . . what I wanted was 
statements which could be expressed in terms of equations, and Bohr’s 
work very seldom provided such statements.” Dirac was not referring to 
Bohr’s theory of the periodic system, which was already a past chapter 
when he first met Bohr, but his statement is valid for that theory as well. 

Bohr’s theory was not, as was his atomic theory of 1913, destined to 
revolutionize physics. The approach to atomic physics which in a few years 
created the new quantum mechanics was based on ideas which in many 
ways contradicted essential parts of Bohr’s theory. The atomic theory of 
1921-1923 can justly be seen as conservative, the culmination of the semi- 
mechanical atomic models which during the first two decades of the 
century were developed with increasing confidence. In Bohr’s mind there 
apparently was little doubt about the reality of the electron orbits or the 
fertility of the semimechanical model concept upon which his theory 
relied. Probably he believed that his models represented fairly realistically 
the actual constitution of the atoms. A literal or at least semiliteral inter- 
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pretation was certainly the message which his lectures and articles signaled 
to his colleagues in physics. Bohr’s use of large plates, with the atomic 
models carefully drawn, strongly suggests that he did not seriously doubt 
the reality of well-defined electron orbits. 

It has been said that Bohr’s atomic theory of 1913 was a late product of 
Victorian physics. This is an unorthodox view of a truly revolutionary 
theory but there is some truth in it, and it applies to the theory of the 
periodic system also. Before the advent of quantum mechanics, Bohr was 
not ready to follow the new radical approach to atomic structure which had 
already been hinted at by Heisenberg and Pauli. According to Pauli, one 
should be able to deduce the periodic system from a theory which was based 
solely on observable physical quantities and which precluded electron orbits 
and visualizable atomic models. He considered the exclusion principle as a 
step toward this goal and presented it as a purely formal principle. In 
December 1924 he wrote to Bohr: “For weak men, who need the crutch of 
the idea of unambiguously defined electron orbits and mechanical models, 
the rule can be grounded as follows: ‘If more than one electron have the 
same quantum numbers in strong fields, they would have the same orbits 
and therefore collide.” Pauli certainly did not regard Bohr as a “weak man,” 
but he may well have been alluding sarcastically to Bohr’s theory of the 
periodic system, which did not live up to the antimodel standards heralded 
by Pauli and Heisenberg. It was left to younger physicists to recognize that 
atomic models, as developed and used by Bohr and others, had to be 
transcended in order to build a fruitful new atomic theory. When the first 
steps were taken along this path — by Heisenberg, Pauli, Dirac, Jordan, and 
Born — Bohr quickly abandoned his old approach and devoted himself to 


supplying quantum mechanics with a rational foundation.* 
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Sir Mark Oliphant was born in Aus- 
tralia and, like Rutherford before 
him, came to study at Cambridge 
University on an 1851 Exhibition 
scholarship. In the 1930s he worked 
closely with Rutherford, who (in 


Bohr’s words) “found in Marcus Oli- 


phant a collaborator and friend 
whose general attitude and working 
power reminds us so much of his 
own.” He was Director of the Re- 
search School of Physical Sciences at 
Canberra, 1950-1963, and Governor 
of South Australia, 1971-1976. He is 
now retired. 
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During the short period he spent in Manchester, Bohr formed a close 
relationship with Rutherford, a very personal relationship which grew with 
time, even beyond Rutherford’s death. After World War I, Bohr made 
frequent visits to Cambridge, where he and his wife stayed with the Ruth- 
erfords in a very informal manner. Bohr spoke to colloquia and to the 
Kapitza Club.' 

Rutherford, though always inspiring, was not a great lecturer —“‘To ‘Er’ 
was Rutherford!” Bohr was much worse. His failing was that he used too 
many words to express any idea, wandering about as he spoke, often 
inaudibly. I remember him speaking for over two hours to the Kapitza 
Club. But Rutherford, when present, would call a halt to Bohr’s discourse, 
teasing him by remarking that his sense of time was as uncertain as the 
principle he was discussing. 

When word reached us at the Galvani celebrations in Italy, in 1937, that 
Rutherford had died, Bohr addressed a silent gathering on the passing of his 
great master and friend. His emotion moved us all, especially those of us 
who shared his deep personal grief. 

I had long talks with Bohr in Washington, when success in the nuclear 
weapon project was imminent. Perhaps I should say that he talked to me! 
He brought draft after draft of a letter he proposed sending to the president, 
concerning the possible first use of the weapon. He appealed, in his com- 
plex jargon, for it to be used in the interests of peace, not war. He referred 
continually to Rutherford, as the father of nuclear physics, and to what 
Rutherford’s views would have been had he been still alive. 

Rutherford formed much closer relationships with some of his colleagues 
and research students than with others, and this appeared to have nothing 
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The Bohrs (right) with the Rutherfords (Lady Rutherford on the extreme left) and Mrs. 
Oliphant, around 1930. The photograph was taken by Marcus Oliphant. 69 
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I remember many peaceful evening 
hours in Rutherford’s study spent 
discussing not merely new prospects 
of physical science but also topics 
from many other felds of human in- 
terest. In such conversation one was 
never tempted to overrate the 
interest of one’s own contributions 
since Rutherford after a long day’s 
work was apt to fall asleep as soon as 
the discourse seemed pointless to 
him. One then just had to wait until 
he woke up and resumed the 
conversation with usual vigor as if 
nothing had happened. 
Niels Bohr, 
Rutherford Memorial Lecture, 1958 
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to do with similarity of outlook or personality. James Chadwick, a some- 
what dour man of few words, loved Rutherford as did Bohr. Rutherford 
played golf with friends, and talked enthusiastically with colleagues about 
whatever subject was under discussion, but with none was he as close as 
with Bohr, Chadwick, and a few others. Despite his flippant remarks about 
the uncertainty principle, Rutherford’s sympathies were with Bohr rather 
than with Einstein, over causality in particle physics. But the old physics 
was generally to the fore when his beloved alpha particles were involved. 
“Bohr, my boy, you are too complacent about ignorance.” 

Bohr shared with Rutherford the belief that instinct played as great a part 
in the development of physics as did laborious experimenting or mathemat- 
ical calculation, but both demanded testing of speculation by observation. 
Each was able to make vivid visual models of his thoughts, models which 
helped the experimenter greatly. 

The Bohrs spent happy holidays with the Rutherfords at their holiday 
cottages in northern Wales and Wiltshire. Such holidays were periods of 
complete relaxation — they walked, met scattered neighbors, sawed wood 
for the fire, or just did nothing. 

It is strange that two people so close to each other should have been so 
different in all but their love of physics as the basic science of nature, and 
their deep concern for all humanity. Rutherford, who called himself a 
liberal, was one of the most politically conservative people I have ever 
known. He admired Stanley Baldwin greatly, upholding Baldwin’s actions 
on the abdication of Edward VIII. Bohr made no political judgments, other 
than those involving cruelty or human misery. In the words of the Russell- 
Einstein manifesto, he remembered his humanity and forgot the rest.? 
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As a result of the fortunate appointments of Max Born and James Franck to 
the faculty in 1921, the University of Gottingen was well prepared to seize 
and extend the new ideas in physics. Franck, while in Berlin, had heard 
Bohr lecture and had already gained a deep impression of Bohr’s way of 
thinking about the atom. And Born, in his researches on the structure of 
crystal lattices, had realized the importance of quantum theory; now his 
field of interest shifted from the dynamics of crystal lattices toward funda- 
mental questions of quantum theory. The scientific surroundings were 
favorable: David Hilbert was vividly interested in physics; Richard Cour- 
ant’s research in mathematics met the requirements of the physicists; Carl 
Runge had been a spectroscopist; Robert Pohl, Ludwig Prandtl, and Emil 
Wiechert, renowned worldwide in their specialties, participated in funda- 
mental physics. The discussions in the weekly physics colloquia and in the 
seminars were at a correspondingly high level. 

All this was nourished by the seven lectures Bohr gave during two weeks 
in 1922.1 The weather was fine and the intellectual life in the city was 
fascinating, but the consequences of the past war were still troublesome. 
The term Bohr-Festspiele (“Bohr festival”), probably coined by Franck, re- 
flects to some extent the enchantment radiated by the lectures. Each lec- 
ture, filling a long evening (at that hour one was hungry in 1922!) and 
delivered in a low voice and in very cautious language, showed Bohr’s 
fundamental approach and gave an excellent overview of the connection 
between the spectra radiated by the atoms and the physical and chemical 
properties of the elements expressed in the periodic table. Important people 
joined in the event, among them Sommerfeld, Ehrenfest, Landé, and Pauli. 
Sommerfeld brought along a young blond student, looking almost like a 


Friedrich Hund is Professor Emeritus 
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Participants in the “Bonzenfreie Kolloquium,” held in Berlin in 1920. Bohr had come to 
lecture in Berlin, but some of the younger physicists felt that the senior people (the 
“Bonzen”) had monopolized the discussion. (“Bonze,” literally a Buddhist priest, was a 
term used for a VIP in a pejorative sense.) Bohr was persuaded to conduct a colloquium 
for the younger people, with “bigwigs” strictly excluded. Front row, from left: Otto 
Stern, James Franck, Bohr, Lise Meitner, Hans Geiger, and Peter Pringsheim. Behind 
Meitner 1s Otto Hahn. Behind Hahn and to the right is George de Hevesy. 


schoolboy: Werner Heisenberg. Heisenberg joined boldly in the discus- 
sions. 

The deep impression the lectures made on the Gottingen physicists, and 
the enormous respect Bohr gained among us younger people, came less 
from a real acceptance of the line of approach to atomic physics given in the 
correspondence principle than from optimism that the time was now ripe 
for really understanding the properties of matter. Explaining the numbers 
2, 8, 8, 18, 18, 32 of the periodic table looked like a promising beginning, 
but we also noted a deeper significance. We knew Bohr’s theory from 
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Sommerfeld’s book,? but now we experienced directly a somehow deeper, 
freer, and apparently more powerful comprehension, both of the funda- 
mental difference between atomic physics and ordinary physics, and of 
their connection. A seminar led by Born and Hilbert concerned itself with 
these matters. When, a few months after this brilliant performance, Bohr 
received the Nobel Prize, he became a kind of idol. 

During Bohr’s lectures, Born had the opportunity to notice the talents 
of Heisenberg, and he brought him to Géttingen. From autumn 1922 until 
Easter 1926 (except for a stay at Munich and a stay at Copenhagen), Heisen- 
berg was a member of the Gottingen circle. 

Born noticed that Bohr’s ideas did not yet form a consistent theory, and 


Participants in the “Bohrfestspiele” 
of 1922. Seated in front is Max Born. 
Standing are (from left) Carl Oseen, 
Bohr, James Franck, and Oskar Klein. 
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In speaking of the beginnings of 
quantum mechanics in Gottingen, 
we must undoubtedly start with the 
Bohr Festival in 1922. At the 
instigation of Hilbert and the physi- 
cists Franck, Born, and Pohl, the 
university had asked the Dane Niels 
Bohr to give a comprehensive series 
of lectures on his theory. Guests 
were invited from outside, including 
Sommerfeld from Munich, and the 
whole gathering, as one of the first 
after the great economic stringency 
of the postwar period, bore the 
marks of a joyous new beginning; a 
new beginning in the international 
relations of science, but also in the 
tasks of the newborn atomic physics. 
Not only this, but Géttingen, in 
gorgeous summer weather, was re- 
splendent with gardens and flowers, 
and so, despite the difficulty of the 
subject, the atmosphere and the 
excitement of the students who filled 
most of the auditorium gave the 
lectures such a festive air that the 
name Bohr Festival soon made the 
rounds —in allusion to the Handel 
Festivals in the Géttingen civic 
theater, which had just begun. 
Werner Heisenberg, 
Tradition in Science, 1983 
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he began to direct his own efforts toward such a goal. With Heisenberg’s 
help, he demonstrated that the special assumptions hitherto used led to 
incorrect results when applied to the helium atom. In a lecture course and 
in the book, Atommechanik I, resulting from it, Born explored the limits of 
currently used principles. Then he tried to adapt the mathematical methods 
more closely to the peculiarities of the atom. The decisive step to a quantum 
mechanics was then taken by Heisenberg in the summer of 1925. This step 
consistently exploited Bohr’s correspondence principle; Heisenberg himself 
perceived it this way. 

Looking back, we can easily reconstruct the path from Bohr’s initial 
attack on the physics of the atom to the Gottingen quantum mechanics of 
1925. The theory to be created had to account for the stability of atoms and 
the combination principle of spectra. In the simplest case — the frequencies 
of a classical system —the generally energy-dependent fundamental fre- 
quency v(E) and the overtones Tv(E) “correspond” to the quantum theoreti- 
cal frequencies [E(n) — E(n — 1)|/h. The quantum-theoretical energies E(n) 
must thus be chosen in such a manner that the quantum-theoretical fre- 
quencies go over to the classical as the system becomes larger and larger and 
approximates a classical and macroscopic system. Since the quantum fre- 
quency takes the form (1/h)@E/dn) for large n, one could equate this expres- 
sion to the classical dependence tv(E). Bohr successfully did this in 1913 
with the hydrogen atom. The three simple examples of this procedure are 
the harmonic oscillator, the rigid rotator, and the hydrogen atom: 





a dE(n) _ 
Oscillator: E(n) = hyn; Fe iid 
Rotator: Ein) ~ n*; o0 ~n~vE 
. nyy~—i.. se 1_ 
H atom: E(n) a2 5 lia |E PY? 


On the right side, one sees the classical forms of dependence: v independent 
of E, v~ VE, v~|E|¥?. The multiplicative factors omitted here can be 
determined. 

Since it was evident that this procedure could not be generally correct, 
one had to be content with the convergence of the quantum frequency to 
the classical in the limit of large n. This procedure did not, however, lead to 
a unique result. In 1925 Heisenberg was able to extract still more from the 
correspondence principle. The oscillation contained in the classical motion 


He(E erie 
had to correspond to the quantum “transition amplitudes” 
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Calculations with the classical amplitudes use the trivial “combination 
principle” 


py + (t— pv =tv. 


For calculations with the quantum amplitudes, Heisenberg found rules 
adapted to the quantum combination principle 


v(n, n — p) + vn — p,n— 1) = vn, n — 2), 


the combination principle for spectra. This quantum mechanics, conceived 
by Heisenberg and mathematically developed by Born, Heisenberg, and 
Jordan, was a sharpened form of Bohr’s correspondence principle. It was a 
modification (no longer pictorial) of classical mechanics, taken far enough 
to include the combination principle of spectra. 

Heisenberg identified three influences from which his quantum me- 
chanics resulted — namely, Sommerfeld’s keen attack on facts previously 
not understood, Born’s demand for a mathematically consistent theory, and 
Bohr’s deep insight into the essentials of the physics of atoms. 

Bohr’s importance for the contribution that Gottingen was able to make 
to quantum theory cannot be overestimated. In Gottingen this was attested 
by the first volumes of the series of monographs Struktur der Materie, which 
were edited by Born and Franck after 1925. The introduction at the begin- 
ning of the series promised “a close connection between experience and 
theory in the spirit of Bohr.” “Bohr’s correspondence principle” was the 
guide for the first volume; the foreword to the second volume saw “no 
conflict with the concepts of Bohr”; the content of the third volume was 
regarded as “clear evidence for the fundamental concepts of Bohr’s theory”; 
the fourth volume was patterned directly on Bohr’s considerations. 

The completion of quantum mechanics still awaited Schrédinger’s devel- 
opment of de Broglie’s ideas. And of course a crucial contribution to the 
physical understanding of Schrédinger’s wave function, again developed in 
Gottingen, was the probability interpretation by Max Born.’ 
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Dear Harald, 

Perhaps I have found out a little about the structure of atoms. Don’t 
talk about it to anybody, for otherwise I couldn’t write to you about it so 
soon. If I should be right it wouldn’t be a suggestion of the nature of a 
possibility (i.e., an impossibility, as J. J. Thomson’s theory) but perhaps a 
little bit of reality. It has grown out of a little information I got from the 
absorption of a@-rays (the little theory I wrote about last time). You 
understand that I may yet be wrong; for it hasn’t been worked out fully 
yet (but I don’t think so); also, I do not believe that Rutherford thinks that 
it is completely wild; he is a man of the right sort, and he would never say 
that he was convinced of something that was not fully worked out. 
Believe me, I am eager to finish it in a hurry, and to do that I have taken 
off a couple of days from the laboratory (this is also a secret). 

This was intended only as a little greeting from 

your Niels 
who is longing very much to talk with you. 


— Letter from Niels Bohr to his brother, 
19 June 1912! 


In the spring of 1912 Bohr began studies that culminated in a set of three 
epoch-making papers, commonly called the Trilogy, in which he devel- 
oped his new theory of atomic structure and its application to atoms and 
molecules. 

In his Rutherford Memorial Lecture (1958) Bohr recalled the beginnings 
of that work, which grew directly out of Rutherford’s discovery of the 
nucleus: 


The Trilogy 





Early in my stay in Manchester in the spring of 1912 I became con- 
vinced that the electronic constitution of the Rutherford atom was gov- 
erned throughout by the quantum of action . . . I rapidly became ab- 
sorbed in the general theoretical implications of the new atomic model 
and especially in the possibility it offered of a sharp distinction as regards 
the physical and chemical properties of matter, between those directly 
originating in the atomic nucleus itself and those primarily depending 
on the distribution of the electrons bound to it at distances very large 
compared with nuclear dimensions. 

While the explanation of the radioactive disintegrations had to be 
sought in the intrinsic constitution of the nucleus, it was evident that the 
ordinary physical and chemical characteristics of the elements mani- 
fested properties of the surrounding electron system. It was even clear 
that, owing to the large mass of the nucleus and its small extension 
compared with that of the whole atom, the constitution of the electron 
system would depend almost exclusively on the total electric charge of 
the nucleus. Such considerations at once suggested the prospect of basing 
the account of the physical and chemical properties of every element on a 
single integer, now generally known as the atomic number, expressing 
the nuclear charge as a multiple of the elementary unit of electricity.? 


On 6 March 1913 Bohr wrote to Rutherford, enclosing a draft of the first 
paper in the series. In his reply, dated March 20, Rutherford reacted posi- 
tively but raised a prickly question: “There appears to me one grave diffh- 
culty in your hypothesis, which I have no doubt you fully realise, namely, 
how does an electron decide what frequency it is going to vibrate at when it 
passes from one stationary state to the other? It seems to me that you would 
have to assume that the electron knows beforehand where it is going to 
stop.” Rutherford continued: “There is one criticism of a minor character 
which I would make in the arrangement of the paper. I think in your 
endeavour to be clear you have a tendency to make your paper much too 
long . . . Ido not know if you appreciate the fact that long papers have a 
way of frightening readers.” Bohr had in the meantime compounded the 
problem (although all ended well), as he recalled in his Rutherford Memo- 


rial Lecture: 


The second point raised with such emphasis in Rutherford’s letter 
brought me into a quite embarrassing situation. In fact, a few days before 
receiving his answer, I had sent Rutherford a considerably extended 
version of the earlier manuscript, the additions especially concerning the 
relation between emission and absorption spectra and the asymptotic 
correspondence with the classical physical theories. I therefore felt the 
only way to straighten matters was to go at once to Manchester and talk it 
all over with Rutherford himself. Although Rutherford was as busy as 
ever, he showed an almost angelic patience with me, and after discussions 
through several long evenings during which he declared he had never 


Some algebraic formulae caught my 
eye . . . It was part of a paper by a 
Mr. N. Bohr of whom I had never 
heard . . . I sat down and began to 
read. In half an hour I was in a state 
of excitement and ecstasy, such as I 
have never experienced before or 
since in my scientific career. I had 
just finished a year’s work revising a 
book on Modern Electrical Theory. 
These few pages made everything I 
had written entirely obsolete. That 
was a little annoying, no doubt; but 
the annoyance was nothing to the 
thrill of a new revelation, such as 
must have inspired Keats’s most 
famous sonnet. And I had so nearly 
missed the joy of discovering this 
work for myself and rushing up to 
the laboratory to be the first to tell 
everyone else about it! Twenty years 
have not damped my enthusiasm. 
Norman Campbell, quoted in 
obituary by L. Hartshorn, 1949 
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thought I should prove so obstinate, he consented to leave all the old and 
new points in the final paper.’ 


After this tussle (typical of Bohr’s doggedness and determination), the 
second and third papers of the Trilogy evoked relatively little objection 
from Rutherford, and he duly submitted them on Bohr’s behalf to the 
Philosophical Magazine. The original articles comprise seventy- one printed 
pages. Here we reproduce some of the most important parts — although 
the whole set of papers is well worth reading, even today, for the picture 
they give of the comprehensiveness of Bohr’s endeavors, and of his mastery 
of the subject matter. 

A.P.F. 
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JULY 1913. 


I. On the Constitution of Atoms and Molecules, 
By N. Bour, Dr. phil. Copenhagen*. 


Introduction. 


order to explain the results of experiments on scattering 
of a rays by matter Prof. Rutherfordf has given a 
theory of the structure of atoms. According to this theory, 
the atoms consist of a positively charged nucleus surrounded 
by a system of electrons kept together by attractive forces 
from the nucleus; the total negative charge of the electrons 
is equal to the positive charge of the nucleus. Further, the 
nucleus is assumed to be the seat of the essential part of 
the mass of the atom, and to have linear dimensions ex- 
ceedingly small compared with the linear dimensions of the 
whole atom. The number of electrons in an atom is deduced 
to be approximately equal to half the atomic weight. Great 
interest is to be attributed to this atom-model ; for, as 
Rutherford has shown, the assumption of the existence of 
nuclei, as those in question, seems to be necessary in order 
to account for the results of the experiments on large angle 
scattering of the a raysf. 

In an attempt to explain some of the properties of matter 
on the basis of this atom-model we meet, however, with 
difficulties of a serious nature arising from the apparent 

* Communicated by Prof. E. Rutherford; F.R.5. 


+ E. Rutherford, Phil. Mag. xxi. p. 669 (1911). _ 
{ See also Geiger and Marsden, Phil. Mag. April 1913, 


instability of the system of electrons: difficulties purposely 
avoided in atom-models previously considered, for instance, 
in the one proposed by Sir J.J. Thomson*, According to 
the theory of the latter the atom consists of a sphere of 
uniform positive electrification, inside which the electrons 
move in circular orbits. 

The principal difference between the atom-models proposed 
by Thomson and Rutherford consists in the circumstance 
that the forces acting on the electrons in the atom-model of 
Thomson allow of certain configurations and motions of the 
electrons for which the system is in a stable equilibrium ; 
such configurations, however, apparently do not exist for 
the second atom-model. The nature of the difference in 
question will perhaps be most clearly seen by noticing that 
among the quantities characterizing ih first atom a quantity 
appears—the radius of the positive sphere—of dimensions 
of a length and of the same order of magnitude as the linear 
extension of the atom, while such a length does not appear 
among the quantities characterizing the second atom, viz. 
the charges and masses of the electrons and the positive 
nucleus; nor can it be determined solely by help of the 
latter quantities. 

The way of considering a problem of this kind has, how- 
ever, undergone essential alterations in recent years owing 
to the development of the theory of the energy radiation, 
and the direct affirmation of the new assumptions introduced 
in this theory, found by experiments on very different phe- 
nomena such as specific heats, photoelectric effect, Réntgen- 
rays, &c. The result of the discussion of these questions 
seems to be a general acknowledgment of the inadequacy of 
the classical electrodynamics in describing the behaviour of 
systems of atomic sizet. Whatever the alteration in tlie 
laws of motion of the electrons may be, it seems necessary 
to introduce in the laws in question a quantity foreign to 
the classical electrodynamics, 1. e. Planck’s constant, or as it 
often is called the slecientary quantum of action. By the 
introduction of this quantity the question of the stable con- 
figuration of the electrons in the atoms is essentially changed, 
as this constant is of such dimensions and magnitude that it, 
together with the mass and charge of the particles, can 
determine a length of the order of magnitude required. 

This paper is an attempt to show that the application of 
the above ideas to Rutherford’s atom-model affords a basis 

* J. J. Thomson, Phil. Mag. vii. p. 287 (1904). 


+ See f. inst., ‘‘fhéorie du rayonnement et les quanta.’ Rapports de 
la réunion & Bruxelles, Noy. 1011. Paris, 1912, 
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for a theory of the constitution of atoms. It will further 
be shown that from this theory we are led to a theory of the 
constitution of molecules. 

In the present first part of the paper the mechanism of 
the binding of electrons by a positive nucleus is discussed in 
relation to Planck’s theory. It will be shown that it is 
possible from the point of view taken to account in a simple 
wav for the law of the line spectrum of hydrogen. Further, 
reasons are given for a principal hypothesis on which the 
considerations contained in the following parts are based. 


T wish here to express my thanks to Prof. Rutherford for 
his kind and encouraging interest in this work. 


Part 1.—Brxptwe or Evecrrons spy Positive Nucuet. 


§ 1. General Considerations. 


The inadequacy of the classical electrodynamics in ac- 
counting for the properties of atoms from an atom-model as 
Rutherford’s, will appear very clearly if we consider a simple 
system consisting of a positively charged nucleus of very 
small dimensions and an electron describing closed orbits 
around it. For simplicity, let us assume that the mass of 
the electron is negligibly small in comparison with that of 
the nucleus, and further, that the velocity of the electron is 
small compared with that of light. 

Let us at first assume that there is no energy radiation. 
In this case the electron will describe stationary elliptical 
orbits. The frequency of revolution » and the major-axis 
of the orbit 2a will depend on the amount of energy W 
which must be transferred to the system in order to remove 
the electron to an infinitely great distance apart from the 
nucleus. Denoting the charge of the electron and of the 
nucleus by —e and E respectively and the mass of the electron 
by m, we thus get 

_ 2 Wi eB 
ica?” Ew’ ta= a a eae, 


Further, it can easily be shown that the mean value of the 
kinetic energy of the electron taken for a whole revolution 
is equal to W. We see that if the value of W is not given, 
there will be no values of w and a characteristic for the 
system in question. | 

Let us now, however, take the effect of the energy radia- 
tion into account, calculated in the ordinary way from the 
acceleration of the electron. In this case the electron will 


no longer describe stationary orbits. W will continuously 
increase, and the electron will approach the nucleus de- 
scribing orbits of smaller and smaller dimensions, and with 
greater and greater frequency ; the electron on the average 
gaining in kinetic energy at the same time as the whole 
system loses energy. This process will go on until the 
dimensions of the orbit are of the same order of magni- 
tude as the dimensions of the electron or those of the nucleus. 
A simple calculation shows that the energy radiated out 
during the process considered will be enormously great 
compared with that radiated out by ordinary molecular 
processes. | , 

It is obvious that the behaviour of such a system will be 
very different from that of an atomic system occurring in 
nature. In the first place, the actual atoms in their per- 
manent state seem to have absolutely fixed dimensions and 
frequencies. Further, if we consider any molecular process, 
the result seems always to be that after a certain amount of 
energy characteristic for the systems in question is radiated 
out, the systems will again settle down in a stable state of 
equilibrium, in which the distances apart of the particles are 
of the same order of magnitude as before the process. 

Now the essential point in Planck’s theory of radiation is 
that the energy radiation from an atomic system does not 
take place in the continuous way assumed in the ordinary 
electrodynamics, but that it, on the sarin takes place in 
distinctly separated emissions, the amount of energy radiated 
out from an atomic vibrator of frequency v in a single 
emission being equal to thy, where tT is an entire number, 
and A is a universal constant *. 

Returning to the simple case of an electron and a positive 
nucleus considered above, let us assume that the electron at 
the beginning of the interaction with the nucleus was at a 
great distance apart from the nucleus, and had no sensible 
velocity relative to the latter. Let us further assume that 
the electron after the interaction has taken place has 
settled down in a stationary orbit around the nucleus. We 
shall, for reasons referred to later, assume that the orbit in 
question is circular ; this assumption will, however, make no 
alteration in the calculations for systems containing only a 
aftnie electron. 

et us now assume that, during the binding of the electron, 
a homogeneous radiation is emitted of a frequency v, equal 
to half the frequency of revolution of the electron in its final 

* Sea f. inst, M. Planck, nn. od, Phys. xxxi. p, 758 (1910) ; xxxvii 
yp. 642 (1912); Verh, deutsch. Phys. Ges. 1911, p. 138. 
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orbit ; then, from Planck’s theory, we might expect that the 
amount of energy emitted by the process considered is equal 
to thy, where i is Planck’s constant and 7 an entire number. 
If we assume that the radiation emitted is homogeneous, the 
second assumption concerning the frequency of the radiation 
suggests itself, since the frequency of revolution of the 
electron at the beginning of the emission is 0. The question, 
however, of the rigorous validity of both assumptions, and 
also of the application made of Planck’s theory, will be more 
closely diseussed in $ 3. 

a 

Putting W=7h® Ags 


we get by help of the formula (1) 
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If in these expressions we give rf different values, we get 
a series of values for W, , and a corresponding to a series 
of configurations of the system. According to the above 
considerations, we are led to assume that these configurations 
will correspond to states of the system in which there is 
no radiation of energy; states which consequently will be 
stationary as long as the system is not disturbed from out- 
side. We see that the vale of W is greatest if 7 has its 
smallest value 1. This case will theretore correspond to 
the most stable state of the system, z. e. will correspond to 
the binding of the electron for the breaking up of which the 
greatest amount of energy Is required. 
- Putting in the above expressions r=1 and E=e, and 
introducing the experimental values 





e=47.10-, “= 5:31.10", h=65.10-%, 


we get 
ee | W 
9a=1:1.10-8em., w=6'2.10%"— , — =13 volt. 
sec.” 

We see that these values are of the same order of magni- 
tude as the linear dimensions of the atoms, the optical 
frequencies, and the ionization-potentials. 

The general importance of Planck’s theory for the dis- 
cussion of the behaviour of atomic systems was originally 
pointed out by Hinstein*. The considerations of Hinstein 


* A. Einstein, dan, d. Phys. xvii. p. 12 (1906); xx. p. 199 (1906); 
xxii. p. 180 (1907). 


have been developed and applied on a number of different 
phenomena, especially by Stark, Nernst, and Sommerfield. 
‘The agreement as to the order of magnitude between values 
observed for the frequencies and dimensions of the atoms, 
and values for these quantities calculated by considerations 
similar to those given above, has been the subject of much 
discussion. It was first pointed out by Haas*, in an attempt 
to explain the meaning and the value of Planck's constant 
on the basis of J. J. Thomson’s atom-model, by help of the 
linear dimensions and frequency of an hydrogen atom. 

Systems of the kind considered in this paper, in which the 
forces between the particles vary inversely as the square of 
the distance, are discussed in relation to Planck’s theory 
by J. W. Nicholson}. In a series of papers this author 
has shown that it seems to be possible to account for lines of 
hitherto unknown origin in the spectra of the stellar nebulx 
and that of the solar corona, by assuming the presence in these 
bodies of cettain hypothetical elements of exactly indicated 
constitution. The atoms of these elements are supposed to 
consist simply of a ring of a few electrons surrounding a 

sitive nucleus of negligibly small dimensions. The ratios 

etween the frequencies corresponding to the lines in question 
are compared with the ratios between the frequencies corre- 
sponding to different modes of vibration of the ring of 
electrons. Nicholson has obtained a relation to Planck’s 
theory showing that the ratios between the wave-length of 
different sets of lines of the coronal spectrum can be accounted 
for with great accuracy by assuming that the ratio between 
the energy of the system and the frequency of rotation of the 
ring is equal to an entire multiple of Planck’sconstant. The 
quantity Nicholson refers to as the energy is equal to twice 
the quantity which we have denoted above by W. In the 
latest paper cited Nicholson has found it necessary to give 
the theory a more complicated form, still, however, repre- 
senting the ratio of energy to frequency by a simple function 
of whole numbers. 

The excellent agreement between the ealculated and 
observed values of the ratios between the wave-lengths in 
question seems a strong argument in favour of the validity 
of the foundation of Nicholson’s caleulations. Serious 

* A. Ei, Haas, Jahrb. d. Rad. u. Fl. vii. p. 261 (1910). See further, 
A. Schidlof, Ann. d. Phys, xxxv. p. 90 (1911); E. Wertheimer, Phys. 
Zeitechr. xii. p. 409 (1911), Verh. deutsch. Phys. Ges. 1912, p. 481; F. A. 
Lindemann, Verh. deutsch. Phya. Gea. 1911, pp. 482, 1107; F. Haber, 
Verh. deutsch. Phys. Ges, 1911, p. 1117. 


+ J. W. Nicholson, Month. Not. Roy. Astr. Soc. lxxii. pp. 49, 189, 
677, 693, 729 (1912). 
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objections, however, may be raised against the theory. These 
objections are intimately connected with the problem of the 
homogeneity of the radiation emitted. In Nicholson’s cal- 
culations the frequency of lines in a line-specirum is identified 
with the frequency of vibration of a mechanical system in a 
distinetly indicated state of equilibrium. Asa relation from 
Planck’s theory is used, we might expect that the radiation 
is sent but in quanta; but systems like those considered, in 
which the frequency is a function of the energy, cannot emit 
a finite amount of a homogeneous radiation; for, as soon as the 
emission of radiation is started, the energy and also the 
frequency of the system are altered. Further, according to 
the calculation of Nicholson, the systems are unstable for 
some modes of vibration. Apart from such objections— which 
may be only formal (see p, 23)—it must be remarked, that 
the theory in the form given does not seem to be able to 
account for the well-known laws of Balmer und Rydberg 
connecting the frequencies of the lines in the line-spectra 
of the ordinary elements. 

1t will now be attempted to show that the difficulties in 
question disappear if we consider the problems from the 
point of view taken in this paper. Before proceeding it may 
be useful to restate briefly the ideas characterizing the calcu- 
lations on p. 5. The principal assumptions used are : 


(1) That the dynamical equilibrium of the systems in the 
stationary states can be discussed by help of the 
ordinary mechanics, while the passing of the systems 
between different stationary states cannot be treated 
on that basis. 

(2) That the latter process is followed by the emission 
of a homogeneous radiation, for which the relation 
between the frequency and the amount of energy 
emitted is the one given by Planck’s theory. 


The first assumption seems to present itself; for it is 
known that the onteare mechanics cannot have an absolute 
validity, but will only hold in caleulations of certain mean 
values of the motion of the electrons. On the other hand, 
in the calculations of the dynamical equilibrium in a stationary 
state in which there is no relative displacement of the 
particles, we need not distinguish between the actual 
motions and their mean values. The second assumption is 
in obvious contrast to the ordinary ideas of electrodynamics, 
but 2 ane to be necessary in order to account for experi- 
mental facts. 

In the calculations on page 5 we have further made use 


of the more special assumptions, viz. that the different 
stationary states correspond to the emission of a different 
number of Planck’s energy-quanta, and that the frequency of 
the radiation emitted during the passing of the system {rom 
a state in which no energy is yet radiated out to one of the 
stationary states, is equal to half the frequency of revolution 
of the ecurcn in the latter state. We can, however (see 
§ 3), also arrive at the expressions (3) for the stationary 
states by using assumptions of somewhat different form. 
We shall, therefore, postpone the discussion of the special 
assumptions, and first show how by the help of the above 
principal assumptions, and of the expressions (8) for the 
stationary states, we can account for the line-spectrum of 


hydrogen. 
§ 2. Emission of Line-spectra. 


Spectrum of Hydrogen.—General evidence indicates that 
an atom of hydrogen consists simply of a single electron 
rotating round a positive nucleus of charge e*. The re- 
formation of a hydrogen atom, when the electron has been 
removed to great distances away from the nucleus—e. g. by 
the effect of electrical discharge in a vacuum tube—will 
accordingly correspond to the binding of an electron by a 
positive nucleus considered on p. 5. it in (3) we put E=e, 
we get for the total amount of energy radiated out by the 
formation of one of the stationary states, 


2r*met 
Wr= a . 
The amount of energy emitted by the passing of the 
system from a state corresponding to r=7, to one corre- 
sponding to T=7., is consequently 


_ Qri*me* (1 1 
Wr Wetted) 


If now we suppose that the radiation in question is homo- 
aga and that the amount of energy emitted is equal to 
iw, where v is the frequency of the radiation, we get 


Wr,- Wr, = hy, 


* See f. inst. N. Bohr, Phil. Mag. xxy. p. 24 (1913), The conclusion 
drawn in the paper cited is strongly supported by the fact that hydrogen, 
in the experiments on positive rays of Sir J. J. Thomson, is the only 
element which never occurs with a positive charge corre: “gry to the 
loss cf more than one electron (comp. Phil. Mag. xxiv. p. 672 (1912)). 
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We see that this expression accounts for the law connecting 
the lines in the spectrum of Ride (2's If we put t2=2 and 
let tT, vary, we get the ordinary Balmer series. If we put 
T,=3, we get the series in the ultra-red observed by Paschen* 
and previously suspected by Ritz. If we put t,=1 and 
T9=4, 5,.., we get series respectively in the extreme ultra- 
violet and the extreme ultra-red, which are not observed, but 
the existence of which may be expected. 

The agreement in question is quantitative as well as 

qualitative. Putting 


e=47.10-%, ~ =5-31.10", and h=6:5,10-%, 


we get 
Qa ne* 
he 


The observed value for the factor outside the bracket in the 
formula (4) is 


=3°1. 10", 





3°290 . 10%. 


The agreement between the theoretical and observed values 
is inside the uncertainty due to experimental errors in the 
constants entering in the expression for the theoretical value. 
We shall in § 3 return to consider the possible importance 
of the agreement in question. 

{t may be remarked that the fact, that it has not been 
possible to observe more than 12 lines of the Balmer series 
in experiments with vacuum tubes, while 33 lines are ob- 
served in the spectra of some celestial bodies, is just what we 
should expect from the above theory. According to the 
equation (3) the diameter of the orbit of the electron in 
the different stationary states is proportional to 7*, For 
+=12 the diameter is equal to 1*6.10-%em., or equal to 
the mean distance between the molecules in a gas at a 
pressure of about 7 mm. mercury; for r=33 the diameter 
is equal to 1:2. 10-5 em., corresponding to the mean distance 
of the molecules at a pressure of about 0°02 mm. mercury. 
According to the theory the necessary condition for the 
appearance of a great number of lines is therefore a very 
small density of the gas; for simultaneously to obtain an 


* F. Paschen, Ann. d. Phys. xxvii. p. 565 (1908). 


intensity sufficient for observation the space filled with the 
gas must be very great. If the theory is right, we may 
therefore never expect to be able in experiments with vacuum 
tubes to observe the lines corresponding to high numbers of 
the Balmer series of the emission spectrum of hydrogen; it 
might, however, be possible to observe the lines by investi- 
gation of the absorption spectrum of this gas (see § 4). 

It will be observed that we in the above way do not 
obtain other series of lines, generally ascribed to hydrogen ; 
for instance, the series first observed by Pickering* in the 
spectrum of the star ¢ Puppis, and the set of series recently 
found by Fowlert by experiments with vacuum tubes 
containing a mixture of h prego and helium. We shall, 
however, see that, by help of the above theory, we can 
account naturally for these series of lines if we ascribe them 
to helium. 

A neutral atom of the latter element consists, according to 
Rutherford’s theory, of a positive nucleus of charge 2e and 
two electrons. Now considering the binding of a sin gle 
electron by a helium nucleus, we get, putting E=2e in the 
expressions (3) on page 5, and proceeding in exactly the same 
way as above, 
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If we in this formula put t2=1 or r,=2, we get series of 
lines in the extreme ultra-violet. If we put t,.=3, and let 
T, vary, we get a series which includes 2 of the series 
observed by Fowler, and denoted by him us the first and 
second principal series of the hydrogen spectrum. If we put 
T,=4, we get the series observed by Pickering in the 
spectrum of € Puppis. Every second of the lines in this 
series is identical with a line in the Balmer series of 
the hydrogen spectrum; the presence of bydrogen in the 
star in question may therefore account for the fact that 
these lines are of a greater intensity than the rest of the 
lines in the series. The series is also observed in the expe- 
riments of Fowler, and denoted in his paper as the Sharp 
series of the hydrogen spectrum, If we finally in the above 
formula put 7,=5, 6,.. , we get series, the strong lines of 
which are to be expected in the ultra-red. 








s . a 
* £.C. Pickering, Astrophys. J, iv. p. 369 (1896); v. P. 92 (1897). 
+ A. Fowler, Month. Not. Roy. Astr. Soc, lxxiii. Dee. 1912. 
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While there obviously can be no question of a mechanical 
foundation of the calculations given in this paper, it is, how- 
ever, possible to give a very simple interpretation of the result 
of the calculation on p. 5 by help of symbols taken from the 
ordinary mechanics, Denoting the angular momentum of 
the electron round the nucleus by M, we have immediately 


for a circular orbit rM= = where » is the frequency of 


revolution and T the kinetic energy of the electron; for a 
circular orbit we further have T= W (see p. 3) and from (2), 
p. 5, we consequently get 3 


M=7M,, 
where M)= 2 =1'04x 10-7, 
27 


If we therefore assume that the orbit of the electron in 
the stationary states is circular, the result of the calculation 
on p. 5 can be expressed by the simple condition: that the 
angular momentum of the electron round the nucleus in a 
stationary state of the system is equal to an entire multiple 
of a universal value, independent of the charge on the 
nucleus. The possible importance of the angular momentum 
in the discussion of atomic systems in relation to Planck’s 
theory is emphasized by Nicholson *. 

The great number of different stationary states we do not 
observe except by investigation of the emission and absorption 
of radiation. In most of the other physical phenomena, 
however, we only observe the atoms of the matter in a single 
distinct: state, 7. e. the state of the atoms at low temperature. 
From the preceding considerations we are immediately led 
to the assumption that the “ permanent” state is the one 
among the stationary states during the formation of which 
the greatest. umount of energy is emitted. According to the 
ager (3) on p. 5, this state is the one which corresponds 

to T=1. 


. - . 


Proceeding to consider systems of a more pag see 
constitution, we shall make use of the following theorem, 
which can be very simply proved :— mh 

“In every system consisting of electrons and positive 
nuclei, in which the nuclei are at rest and the electrons move 
in circular orbits with a velocity small compared with the 


* J. W. Nicholson, doe. ett, p. 679. 


velocity of light, the kinetic energy will be numerically equal 
to half the potential energy.” 

By help of this theorem we get—as in the previous cases 
of a single electron or of a ring rotating round a nucleus— 
that the totalamount of energy emitted, by the formation of 
the systems froma configuration in which the distances apart 
of the particles are infinitely great and in which the particles 
have no velocities relative to each other, is equal to the 
kinetic energy of the electrons in the final configuration. 

In analogy with the case of a single ring we are here led 
to assume that corresponding to any configuration of equili- 
brium a series of geometrically similar, stationary con- 
figurations of the system will exist in which the kinetic 
energy of every electron is equal to the frequency of revo- 


lution multiplied by 5h where 7 is an entire number and h 


Planck’s constant. In any such series of stationary con- 
figurations the one corresponding to the greatest amount of 
energy emitted will be the one in which r for every electron 
is equal to 1. Considering that the ratio of kinetic energy 
to frequency for a particle rotating in a cireular orbit is 
equal to a times the angular momentum round the centre of 
the orbit, we are therefore led to the following simple 
generalization of the hypotheses mentioned on pp. 15 and 22. 

“In any molecular system consisting of positive nuclei and 
electrons in which the nuclei are at rest relative to each other 
and the electrons move in circular orbits, the angular momentum 
of erery electron round the centre of its orbit will in the 


permanent state of the system be equal to - , where h is 
Planck's constant” *. 

In analogy with the considerations on p. 23, we shall 
assume thata configuration satisfying this condition is stable 
if the total energy of the system fh: hues than in any neigh- 
bouring configuration satisfying the same condition of the 
ungular momentum of the electrons. 

As mentioned in the introduction, the above hypothesis will 
be used in a following communication as a basis for a theory of 
the constitution of atoms and molecules. It will be shown 
that it leads to results which seem to be in conformity with 
experiments on a number of different phenomena. 


* In the considerations leading to this hypothesis we have assumed 
that the velocity of the electrons is small compared with the velocity of 
ee as limits of the validity of this assumption will be discussed in 
Part IT. 
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The foundation of the hypothesis has been sovght entirely 
in its relation with Planck’s theory of radiation ; by help of 
considerations given later it will be attempted to throw 
some further light on the foundation of it from another 
point of view. 

April 6, 1913. 





On the Constitution of Atoms and Molecules. 
By N. Bour, Dr. phil. Copenhagen. 


Part IJ.—SystTEms CONTAINING ONLY A SINGLE Nucrxvs f. 
§ 1. General Assumptions. 


ye WING the theory of Rutherford, we shall assume 

that the atoms of the elements consist of a positively 
charged nucleus surrounded by a cluster of electrons. The 
nucleus is the seat of the essential part of the mass of the 
atom, and has linear dimensions exceedingly small compared 
with the distances apart of the electrons in the surrounding 
cluster. 

As in the previous paper, we shall assume that the cluster 
of electrons is formed by the successive binding by the 
nucleus of electrons initially nearly at rest, energy at the 
same time being radiated away. This will go on until, when 
the total negative charge on the bound electrons is numeri- 
eally equal to the positive charge on the nucleus, the system 
will be neutral and no longer able to exert sensible forces on 
electrons at distances from the nucleus great in comparison 
with the dimensions of the orbits of the bound electrons. 
We may regard the formation of helium from @ rays as an 
observed example of a process of this kind, an # particle on 
this view being identical with the nucleus of a helium atom. 

On account of the small dimensions of the nucleus, its 
internal structure will not be of sensible influence on the 
constitution of the cluster of electrons, and consequently 
will have no effect on the ordinary physical and chemical 
properties of the atom. ‘The latter properties on this theory 


* Communicated by Prof. E. Rutherford, F.R.S. 
+ Part I. was published in Phil. May. xxvi. p. 1 (1913). 


will depend entirely on the total charge and mass of the 
nucleus ; the internal structure of the nucleus will be of 
influence only on the phenomena of radioactivity. 

From the result of experiments on large-angle scattering 
of «rays, Rutherford* found an electric charge on the 
nucleus corresponding per atom to a number of electrons 
approximately equal to half the atomic weight. This result 
sesms to be in agreement with the number of electrons per 
atom calculated from experiments on scattering of Réntgen 
radiation t. The total experimental evidence supports the 
hypothesis ¢ that the actual number of electrons in a neutral 
atom with a few exceptions is equal to the number which 
indicates the position of the corresponding element in the 
series of elements arranged in order of increasing atomic 
weight. For example on this view, the atom of oxygen 
which is the eighth element of the series has eight electrons 
and a nucleus carrying eight unit charges. : 

We shall assume that the electrons are arranged at equal 
angular intervals in coaxial rings rotating round the nucleus. 
In order to determine the frequency and dimensions of the 
rings we shall use the main sae Here of the first paper, 
viz. : that in the permanent state of an atom the angular 
momentum of every electron round the centre of its orbit is 
h 
27’ 
We shall take as a condition of stability, that the total 
energy of the system in the configuration in question is less 
than in any neighbouring configuration satisfying the same 
condition of the angular momentum of the electrons. 

If the charge on the nucleus and the number of electrons 
in the different rings is known, the condition in regard to 
the angular momentum of the electrons will, as shown in 
§ 2, completely determine the configuration of the system, 
i.e., the frequency of revolution and the linear dimensions of 
the rings. Corresponding to different distributions of the 
electrons in the rings, however, there will, in general, be 
more than one configuration which will satisfy the condition 
of the angular momentum together with the condition of 
stability. — 

In § 3 and § 4 it will be shown that, on the general view 
of the formation of the atoms, we are led to indications of 


equal to the universal value where /: is Planck’s constant. 


* Comp. also Geiger and Marsden, Phil. Mag. xxv. p. 604 (1913), 
+ Comp. C. G. Barkla, Phil. Mag. xxi. p. 648 (1911). 
+ Comp. A. v. d. Broek, Phys. Zeitschr. xiv. p. 32 (1918). 
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the arrangement of the electrons in the rings which are con- 
sistent with those suggested by the chemical properties of 
the corresponding element. __ 

In §5 it will be shown that it is possible from the theory 
to calculate the minimum velocity of cathode rays necessary 
to produce the characteristic Réntgen radiation from the 
element, and that this is in approximate agreement with the 
argc values. 

n §6 the phenomena of radioactivity will be briefly con- 
sidered in relation to the theory. 


* * = 


§ 3. Constitution of Atoms containing very few Electrons. 


As stated in § 1, the condition of the universal constancy 
of the angular momentum of the electrons, together with 
the condition of stability, is in most cases not sufficient to 
determine completely the constitution of the system. On 
the general view of formation of atoms, however, and by 
making use of the knowledge of the properties of the 
corresponding elements, it will be attempted, in this section 
and the next, to obtain indications of what configurations of 
the electrons may be expected to occur in the atoms, In 
these considerations we shall assume that the number of 
electrons in the atom is equal to the number which indicates 
the position of the corresponding element in the series of 
elements arranged in order of increasing atomic weight. 
Exceptions to this rule will be supposed to oceur only at 
such places in the series where deviation from the periodic 
law of the chemical properties of the elements are observed. 
In order to show clearly the principles used we shall first 
consider with some detail those atoms containing very few 
electrons. 

For sake of brevity we shall, by the symbol N(n,, n.....), 
refer to a plane system of rings of electrons rotating round 
a nucleus of charge Ne, satisfying the condition of the 
angular momentum of the electrons with the approximation 
used in § 2. m,, n9,... are the numbers of electrons in the 
rings, starting from inside. By a, ae,... and @,, @g,... 
we shall denote the radii and frequency of the rings taken 
in the same order. The total amount of energy W emitted 
by the formation of the system shall simply be denoted by 


W[N(m, ns, ---)]. 


N=1. Fydrogen. 


In Part I. we have considered the binding of an electron 
by a positive nucleus of charge e, and have shown that it is 
possible to account for the Balmer spectrum of hydrogen 
ou the assumption of the existence of a series of stationary 
states in which the angular momentum of the electron round 


the nucleus is equal to entire multiples of the value =; where 
his Planck’s constant. The formula found for the frequencies 
of the spectrum was 


Prshatbnad (ane *) 
rg h* (= Ti" : 
where 7, and 7, are entire numbers. Introducing the values 
for e, m, and h used on p. 479, we get for the factor before 
the bracket 3°1.10%*; the value observed for the constant 
in the Balmer spectrum is 3°290 . 10". 
For the permanent state of a neutral hydrogen atom we 
get from the formula (1) and (2) in § 2, putting F=1, 


h? ar 4or7e' 
li. «= Pan =O55. 10*. o= 3 =6°2. 10”, 
ed 2 toy 
W=-— =20.10-". 


These values are of the order of magnitude to be expected. 
For su we get 0°043, which corresponds to 13 volts; the 


value for the ionizing potential of a hydrogen atom, calcu- 
lated by Sir J. J. Thomson from experiments on positive 
rays, is 11 volts*. No other definite data, however, are 
available for hydrogen atoms. Tor sake of brevity, we shall 
in the following denote the values for a, w, and W corre- 
sponding to the configuration 1(1) by a, wp and Wo. 


* This value is that calculated in the first part of the paper. Using the 
values e=4:78. 107! (see R. A. Millikan, Brit, Assoc, Rep. 1912, p. 410), 
< =5'31 . 10" (see P. Gmelin, Ann. d. Phys. xxviii. p. 1086 (1909) and 


A. H. Bucherer, Ann. d. Phys. xxxvii. p, 597 (1912)), and = 7-27.10" 


(caleulated by Planck's theory from the experiments of E. Warburg, 

G. Leithauser, E. Hupka, and C. Miiller, Ann. d.Phys. xl. p. 611 (1913)) 
BoA 

we get et ~ =3-26 . 10" in very close agreement with observations. 


* J. J. Thomson, Phi). Mag. xxiv. p. 218 (1912), 
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At distances from the nucleus, great in comparison with 
a, the system 1(1) will not exert sensible forces on free 
electrons. Since, however, the configuration : 


122) a=133 a, @w=0°563@, W=113 Wo, 


corresponds to a greater value for W than the configuration 
1(1), we may expect that a hydrogen atom under certain 
conditions can acquire a negative charge. This is in agree- 
ment with experiments on positive rays. Since W[1(3)] is 
only 0°54, a hydrogen atom cannot be expected to be able to 
acquire a double negative charge. 


= 2. Helium. 
As shown in Part I., using the same assumptions as for 
hydrogen, we must expect that during the binding of an 
electron by a nucleus of charge 2e, a spectrum is emitted, 


expressed by | 
as 2ar*me* Ee a: aah 
eee’. Ts\" t 
MG) G) 


This spectrum includes the spectrum observed by Pickering 
in the star £ Puppis and the spectra recently observed by 
Fowler in experiments with vacuum tubes filled with a 
mixture of hydrogen and helium. These spectra are generally 
ascribed to hydrogen. 

For the permanent state of a positively charged helium 
atom, we get 

2(1) a=$o, w= 4), 


W=4W). 


At distances from the nucleus great compared with the 
radius of the bound electron, the system 2(1) will. to a close 
approximation, act on an electron as a simple nucleus of 
charge e. For a system consisting of two electrons and a 
nucleus of charge 2e, we may therefore assume the existence 
of a series of stationary states in which the clectron most 
lightly bound moves approximately in the same way as the 
electron in the stationary states of a hydrogen atom. Such 
an assumption has already been used in Part I. in an attempt 
to explain the appearance of Rydberg’s constant in the 
formula for the line-spectrum of any element. We can, 
however, hardly assume the existence of a stable configur- 
ation in which the two electrons have the same angular 
momentum round the nucleus and move in different orbits, 
the one outside the other. In such a configuration the 
electrons would be so near to each other that the deviations 


from circular orbits would be very great. For the permanent 
state of a neutral helium atom, we shall therefore adopt the 
configuration 


92) a=O0dTla, @w=3°06a,, W=6'13 Wo. 


Since a ; 
W[22)] — W(2()] = 2°15 Wo, 
we see that both electrons in a neutral helium atom are more 
firmly bound than the electron in a hydrogen atom. Using 
the values on p. 488, we get 
W - i W *. pe Po 
2:13 .-°=97 volts and 2°13—°=66. 10" ., 

c he sec. 
these values are of the same order of magnitude as the value 
observed for the ionization potential in helium, 20°5 volt *, 
und the value for the frequency of the ultra-violet ab- 
sorption in helium determined by experiments on dispersion 
5-9. 10 = ft. 

S€c. 

* J. Franck u. G. Hertz, Verh. d. Deutsch. Phys. Ges. xv, p. 34 (1913). 

+ C.and M. Cuthbertson, Proc. Roy. Soc. A. Ixxxiv. p.13(1910). (In 
A previous paper (Phil. Mag, Jan. 1915) the author took the values for 
the refractive index in helium, given by M. and C. Cuthbertson, as 
corresponding to atmospheric pressure; these values, however, refer to 
double atmospheric pressure. ,Consequently the value there given for the 


number of electrons in a helium atom calculated from Drude’s theory has 
to be divided by 2.) 
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§ 5. Characteristic Réntgen Radiation. 

According to the theory of emission of radiation given in 
Part I., the ordinary line-spectrum of an element is emitted 
during the reformation of an atom when one or more of the 
electrons in the outer rings are removed. In analogy it may 
be supposed that the characteristic Réntgen radiation is sent 
out during the settling down of the system if electrons in 
inner rings are removed by some agency, é.g. by impact 
of ith particles. This view of the origin of the 
characteristic Rintgen radiation has been proposed by 
Sir J. J. Thomson”. 

Without any special assumption in regard to the constitu- 
tion of the radiation, we can from this view determine the 
minimum velocity of the cathode rays necessary to produce 
the characteristic Roéntgen radiation of a special type by 


* Comp. J. J. Thomson, Phil. Mag. xxii. p. 456 (1912), 
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calculating the energy necessary to remove one of the 
electrons from the different rings. « «+ «+ Let us 
consider a simple system consisting of a bound electron 
rotating in a circular orbit round a positive nucleus of 
charge Ne. From the expressions (1) on p. 478 we get for 
the velocity of the electron, putting F=N, 


2are* 


N = 2] a LN. 
h 


The total energy to be transferred to the system in order 
to remove the electron to an infinite distance from the 
nucleus is equal to the kinetic energy of the bound electron. 
If, therefore, the electron is removed to a great distance 
from the nucleus by impact of another rapidly moving elec- 
tron, the smallest kinetic energy possessed by the latter 
when at a great distance from the nucleus must necessarily 
be equal to the kinetic energy of the bound electron before 
the collision. The velocity of the free electron therefore 
must be at least equal to v. 

According to Whiddington’s experiments * the velocity of 
cathode rays just able to produce the characteristic Réntgen 
radiation of the so-called K-type—the hardest type of ae 
tion observed—from an element of atomic weight A is for 
elements from Al to Se approximately equal to A. 10° em./sec. 
As seen this is equal to the above calculated value for v, if 


we put N= s 


Since we have obtained approximate agreement with 
experiment by ascribing the characteristic Réntgen radia- 
tion of the K-type to the innermost ring, it is to be expected 
that no harder type of characteristic radiation wlil exist. 
This is strongly indicated by observations of the penetrating 
power of vy raysf. 

It is worthy of remark that the theory gives not only 
nearly the right value for the energy required to remove an 
electron from the outer ring, but iso the energy required 
to remove an electron from the innermost ring. The 
approximate agreement between the calculated sid experi- 
mental values is all the more striking when it is recalled 
that the energies required in the two cuses for an element of 
atomic weight 70 differ by a ratio of 1000. 


* R. Whiddington, keyg ek Soc. A, Ixxxv, p. 323 (1911). 
+ Comp. E. Rutherford, Phil. Mag. xxiv. p. (1912). 
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On the Constitution of Atoms and Molecules. 
By N. Bourn, Dr. phil., Copenhagen 


Parr I]1].—Systrems conrarnine SEVERAL NUCLEI 
§ 1. Preliminary. 
CCORDING to Rutherford’s theory of the structure of 


utoms, the difference between an atom of an element 
and a molecule of a chemical combination is that the first 
consists of a cluster of electrons surrounding a single 
positive nucleus of exceedingly small dimensions and of a 
mass great in comparison with that of the electrons, while 
the latter contains at least two nuclei at distances from each 
other comparable with the distances apart of the electrons in 
the surrounding cluster. 

The leading idea used in the former papers was that the 
atoms were formed through the successive binding by the 
nucleus of a number of electrons initially nearly at rest. 
Such a conception, however, cannot be utilized in con- 
sidering the formation of a system containing more than a 
single nucleus; for in the latter case there will be nothing 
to keep the nuclei together during the binding of the 
electrons. In this connexion it may be noticed that while a 
single nucleus carrying a large positive charge is able to 
bind a small number of electrons, on the contrary, two nuclei 
highly charged obviously cannot be kept together by the 
help of a few electrons. We must therefore assume that 
configurations containing several nuclei are formed by the 
interaction of systems—each cont: ining a single nucleus— 
which already have bound a number of electrons, 

§ 2 deals with the configuration and stability of a system 
already formed. We shall consider only the simple case of a 
system consisting of two nuclei and of a ring of electrons 
rotating round the line connecting them; the result of the 
calculation, however. pives indication of what configurations 
are to be expected in more complicated eases. As in the 
former papers, we shall assume that the conditions of 
equilibrium can be deduced by help of the ordinary mechanics. 
In determining the absolute dimensions and the stability of 
the systems, however, we shall use the main hypothesis of 
Part I. According to this, the angular momentuni of every 
electron round the centre of its orbit is equal to a universal 


h . ’ 
value oe where A is Planck’s constant; further, the 
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stability is determined by the condition that the total energy 
of the system is less than in any neighbouring configuration 
satisfying the same condition of the angulur momentum of 
the electrons. 

In § 3 the configuration to be expected for a hydrogen 
molecule is discussed in some detail. 

§ 4 deals with the mode of formation of the systems, <A 
simple method of procedure is indicated, by which it is 
possible to follow, step ny step, the combination of two atoms 
to form a molecule. The configuration obtained will be 
shown to satisfy the conditions used in §2. The part plaved 
in the considerations by the angnlar momentum of the 
electrons strongly supports the validity of the main hypo- 
thesis, 

§ 5 contains a few indications of the configurations to be 
expected for systems containing a greater number of 
electrons. 


. . . 


Concluding remarks. 


In the present paper an attempt has been made to develop 
a theory of the constitution of atoms and molecules on the 
basis of the ideas introduced by Planck in order to account 
for the radiation from a black body, and the theory of the 
structure of atoms proposed by Rutherford in order to 
explain the scattering of a-particles by matter. 

Planck? s theory deals with the emission and absorption of 
radiation from an atomic vibrator of a constant frequency, 
independent of the amount of energy possessed by the system 
in the moment considered. The assumiption of such vibrators, 
however, involves the assumption of quasi-elastic forces and 
is inconsistent with Rutherford’s theory, according to which 
all the forces between the particles of an atomic system vary 
inversely as the square of the distance apart. In order to 
apply the main results obtained by Planck it is therefore 
necessary to introduce new assumptions as to the emission 
and absorption of radiation by an atomic system. 

The main assumptions used in the present paper are :-— 


1. That energy radiation is not emitted (or absorbed) in 
the continuous way assumed in the ordinary electrodynamics, 
but only during the passing of the systems between different 
“stationary ”’ states, 

2. That the dynamical equilibrium of the systems in the 
stationary staies is governed by the ordinary laws of 


mechanics, while these laws do not hold for the passing of 
the systems between the different stationary states. 

3. That the radiation emitted during the transition of a 
system between two stationary states is homogeneous, and 
that the relation between the frequency y and the total 
amount of energy emitted E is given by E=/y, where A is 
Planek’s constant. 

4. That the different stationary states of a simple system 
consisting of an electron rotating round a positive nuclens 
are determined by the condition that the ratio between the 
total energy, emitted during the formation of the configura- 
tion, and the frequency of revolution of the electron is an 


entire multiple of > Assuming that the orbit of the 


electron is circular, this assumption is equivalent with the 
assuinption that the angular momentum of the electron round 


the nucleus is equal to an entire multiple of = 


5. That the * permanent ” state of any atomic system—4. ¢., 
the state in which the energy emitted is maximum—is 
determined by the condition that the angular momentum of 
every electron round the centre of its orbit is equal to — 

It is shown that, applying these assumptions to Rutherford’s 
atom model, it is possible to account for the laws of Balmer 
and Rydberg connecting the frequency of the different lines 
in the line-spectrum of an element. Further, outlines are 
given of a theory of the constitution of the atoms of the 
elements and of the formation of molecules of chemical 
combinations, which on several points is shown to be in 
approximate agreement with experiments. 

he intimate connexion between the present theory and 
modern theories of the radiation from a black body and of 
specific heat is evident ; again, since on the ordinary electro- 
dynamics the magnetic moment due to an electron rotating 
in a circular orbit is proportional to the angular momentum, 
we shall expect a close relation to the theory of magnetons 

roposed by Weiss. The development of a detailed theory of 
ie radiation and of magnetism on the basis of the present 
theory claims, however, the introduction of additional as- 
sumptions about the behaviour of bound electrons in an 
electromagnetic field. The writer hopes to return to these 
questions later. 
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Nobel Prize Lecture: 
The Structure of the Atom 


Niels Bohr delivered this lecture in Stockholm on 11 December 1922. The 
main body of the address was quite extensive, consisting of a masterly and 
comprehensive exposition of the whole of atomic physics as then known, 
interpreted on the basis of the fundamental principles that Bohr had devel- 
oped. The topics treated included atomic stability and electrodynamic 
theory, the origin of the quantum theory, the quantum theory of atomic 
constitution, the hydrogen spectrum, relationships between the elements, 
absorption and excitation of spectral lines, the quantum theory of multiply 
periodic systems, the correspondence principle, the natural system of the 
elements, and X-ray spectra and atomic constitution. 

We reproduce here two excerpts: the opening section, in which Bohr 
summarizes current knowledge about the atom, and the main part of the 
section on the correspondence principle.’ 


be 


A.P.F. 


Ladies and Gentlemen: 

Today, as a consequence of the great honor the Swedish Academy of 
Sciences has done me in awarding me this year’s Nobel Prize for Physics for 
my work on the structure of the atom, it is my duty to give an account of the 
results of this work, and I think that I shall be acting in accordance with the 
traditions of the Nobel Foundation if I give this report in the form of a 
survey of the development which has taken place in the last few years 
within the field of physics to which this work belongs. 
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The Early Years 











What is not always recognized is 
that a model being drawn from a 
field of knowledge other than that to 
which it is to be applied carries a 
certain amount of preexisting 
understanding of its own properties. 
The Rutherford-Bohr picture of the 
atom as a planetary system of 
electrons in orbit around a nucleus 
owes its strength not only to the 
basic principles of classical physics, 
but also to our familiarity with just 
such systems in astronomy. 
J. M. Ziman, 
Reliable Knowledge, 1979 
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THE GENERAL PICTURE OF THE ATOM 


The present state of atomic theory is characterized by the fact that we not 
only believe the existence of atoms to be proved beyond a doubt, but also we 
even believe that we have an intimate knowledge of the constituents of the 
individual atoms. I cannot on this occasion give a survey of the scientific 
developments that have led to this result; I will only recall the discovery of 
the electron toward the close of the last century, which furnished the direct 
verification and led to a conclusive formulation of the conception of the 
atomic nature of electricity which had evolved since the discovery by 
Faraday of the fundamental laws of electrolysis and Berzelius’s electrochem- 
ical theory, and had its greatest triumph in the electrolytic dissociation 
theory of Arrhenius. This discovery of the electron and elucidation of its 
properties was the result of the work of a large number of investigators, 
among whom Lenard and J. J. Thomson may be particularly mentioned. 
The latter especially has made very important contributions to our subject 
by his ingenious attempts to develop ideas about atomic constitution on the 
basis of the electron theory. The present state of our knowledge of the 
elements of atomic structure was reached, however, by the discovery of the 
atomic nucleus, which we owe to Rutherford, whose work on the radioac- 
tive substances discovered toward the close of the last century has much 
enriched physical and chemical science. 

According to our present conceptions, an atom of an element is built up 
of a nucleus that has a positive electrical charge and is the seat of by far the 
greatest part of the atomic mass, together with a number of electrons, all 
having the same negative charge and mass, which move at distances from 
the nucleus that are very great compared to the dimensions of the nucleus or 
of the electrons themselves. In this picture we at once see a striking resem- 
blance to a planetary system, such as we have in our own solar system. Just 
as the simplicity of the laws that govern the motions of the solar system is 
intimately connected with the circumstance that the dimensions of the 
moving bodies are small in relation to the orbits, so the corresponding 
relations in atomic structure provide us with an explanation of an essential 
feature of natural phenomena insofar as these depend on the properties of 
the elements. It makes clear at once that these properties can be divided into 
two sharply distinguished classes. 

To the first class belong most of the ordinary physical and chemical 
properties of substances, such as their state of aggregation, color, and 
chemical reactivity. These properties depend on the motion of the electron 
system and the way in which this motion changes under the influence of 
different external actions. On account of the large mass of the nucleus 
relative to that of the electrons and its smallness in comparison to the 
electron orbits, the electronic motion will depend only to a very small 
extent on the nuclear mass, and will be determined to a close approxima- 
tion solely by the total electrical charge of the nucleus. Especially the inner 








structure of the nucleus and the way in which the charges and masses are 
distributed among its separate particles will have a vanishingly small influ- 
ence on the motion of the electron system surrounding the nucleus. On the 
other hand, the structure of the nucleus will be responsible for the second 
class of properties that are shown in the radioactivity of substances. In the 
radioactive processes, we meet with an explosion of the nucleus whereby 
positive or negative particles, the so-called a@- and £-particles, are expelled 
with very great velocities. 

Our conceptions of atomic structure afford us, therefore, an immediate 
explanation of the complete lack of interdependence between the two 
classes of properties, which is most strikingly shown in the existence of 
substances which have to an extraordinarily close approximation the same 
ordinary physical and chemical properties, even though the atomic weights 
are not the same, and the radioactive properties are completely different. 
Such substances, of the existence of which the first evidence was found in 
the work of Soddy and other investigators on the chemical properties of the 
radioactive elements, are called isotopes, with reference to the classification 
of the elements according to ordinary physical and chemical properties. It is 
not necessary for me to state here how it has been shown in recent years that 
isotopes are found not only among the radioactive elements, but also among 
ordinary stable elements; in fact, a large number of the latter that were 
previously supposed simple have been shown by Aston’s well-known inves- 
tigations to consist of a mixture of isotopes with different atomic weights. 

The question of the inner structure of the nucleus is still but little 
understood, although a method of attack is afforded by Rutherford’s exper- 
iments on the disintegration of atomic nuclei by bombardment with a@-par- 
ticles. Indeed, these experiments may be said to open up a new epoch in 
natural philosophy in that for the first time the artificial transformation of 
one element into another has been accomplished. In what follows, however, 
we shall confine ourselves to a consideration of the ordinary physical and 
chemical properties of the elements and the attempts which have been made 
to explain them on the basis of the concepts just outlined. 


OS 


THE CORRESPONDENCE PRINCIPLE 


While this development of the theory of spectra was based on the working 
out of formal methods for the fixation of stationary states, the present 
lecturer succeeded shortly afterward in throwing light on the theory from a 
new viewpoint, by pursuing further the characteristic connection between 
the quantum theory and classical electrodynamics already traced out in the 
hydrogen spectrum. In connection with the important work of Ehrenfest 
and Einstein these efforts led to the formulation of the so-called correspon- 
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The wonderful progress of our 
knowledge of the atomic constitution 
of matter and of the methods by 
which such knowledge can be 
acquired and interrelated has indeed 
carried us far beyond the scope of 
the deterministic pictorial descrip- 
tion brought to such perfection by 
Newton and Maxwell. Following 
this development at close hand, I 
have often had occasion to think of 
the dominating influence of 
Rutherford’s original discovery of 
the atomic nucleus, which at every 
stage presented us with so forceful a 
challenge. 
Niels Bohr, 
Rutherford Memorial Lecture, 1958 
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With his vigilant attention to all 
progress in physical science, 
Rutherford, when he had received 
Stark’s paper from the Prussian 
Academy, at once wrote to me: “I 
think it is rather up to you at the 
present time to write something on 
the Zeeman and electric effects, if it 
is possible to reconcile them with 
your theory.” Responding to 
Rutherford’s challenge, I tried to 
look into the matter. 
Niels Bohr, 
Rutherford Memorial Lecture, 1958 
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dence principle, according to which the occurrence of transitions between 
the stationary states accompanied by emission of radiation is traced back to 
the harmonic components into which the motion of the atom may be 
resolved and which, according to the classical theory, determine the proper- 
ties of the radiation to which the motion of the particles gives rise. 

According to the correspondence principle, it is assumed that every 
transition process between two stationary states can be coordinated with a 
corresponding harmonic vibration component in such a way that the prob- 
ability of the occurrence of the transition is dependent on the amplitude of 
the vibration. The state of polarization of the radiation emitted during the 
transition depends on the further characteristics of the vibration, in a 
manner analogous to that in which, on the classical theory, the intensity 
and state of polarization in the wave system emitted by the atom as a 
consequence of the presence of this vibration component would be deter- 
mined respectively by the amplitude and further characteristics of the 
vibration. 

With the aid of the correspondence principle it has been possible to 
confirm and to extend the above-mentioned results. Thus, it was possible 
to develop a complete quantum-theory explanation of the Zeeman effect for 
the hydrogen lines, which, in spite of the essentially different character of 
the assumptions that underlie the two theories, is very similar throughout 
to Lorentz’s original explanation based on the classical theory. In the case 
of the Stark effect, where, on the other hand, the classical theory was 
completely at a loss, the quantum-theory explanation could be so extended 
with the help of the correspondence principle as to account for the polar- 
ization of the different components into which the lines are split, and also 
for the characteristic intensity distribution exhibited by the components. 
This last question has been more closely investigated by Kramers, and the 
accompanying figure will give some impression of how completely it is 
possible to account for the phenomenon under consideration. 

Figure 6 reproduces one of Stark’s well-known photographs of the split- 
ting up of the hydrogen lines. The picture displays very well the varied 
nature of the phenomenon, and shows in how peculiar a fashion the 
intensity varies from component to component. The components below 
are polarized perpendicular to the field, while those above are polarized 
parallel to the field. 

Figure 7 gives a diagrammatic representation of the experimental and 
theoretical results for the line H,, the frequency of which is given by the 
Balmer formula with n” = 2 and n’ = 5. The vertical lines denote the 
components into which the line is split up, of which the picture on the right 
gives the components which are polarized parallel to the field and that on 
the left those that are polarized perpendicular to it. The experimental 
results are represented in the upper half of the diagram, the distances from 
the dotted line representing the measured displacements of the compo- 
nents, and the lengths of the lines being proportional to the relative inten- 





Nobel Prize Lecture 

















af if) 
Ui 





* « 
* 


| 
| 
| 
| 
| 
! 
| : | | | 
cule . = . 
oe FSS TFs 26.3 3S Ses Se. + Om + OSs 
NNNNN WAN ON NANN ANN INNO 
J Ye a CRIM TS PE ROS 
SO OST T+ 6.4 + 2S PIS AAS S24 2a 2 
ownwowowo owownowownwo wow wo ow wow nowowwownw ww 


sity as estimated by Stark from the blackening of the photographic plate. In 
the lower half is given for comparison a representation of the theoretical 
results from a drawing in Kramers’s paper. 

The symbol (n/, — nt.) attached to the lines gives the transitions between 
the stationary states of the atom in the electric field by which the compo- 
nents are emitted. Besides the principal quantum integer n, the stationary 
states are further characterized by a subordinate quantum integer s, which 
can be negative as well as positive and has a meaning quite different from 
that of the quantum number k occurring in the relativity theory of the fine 
structure of the hydrogen lines, which fixed the form of the electron orbit 
in the undisturbed atom. Under the influence of the electric field both the 
form of the orbit and its position undergo large changes, but certain proper- 
ties of the orbit remain unchanged, and the subordinate quantum number s 
is connected with these. In Figure 7 the position of the components corre- 
sponds to the frequencies calculated for the different transitions, and the 
lengths of the lines are proportional to the probabilities as calculated on the 
basis of the correspondence principle, by which also the polarization of the 
radiation is determined. It is seen that the theory reproduces completely the 


Figures 6 and 7 from the Nobel 
lecture, showing experimental and 
theoretical patterns for the Stark 
effect in Balmer lines of atomic hy- 
drogen. 
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Letter from Einstein to Bohr, congratulating him on the award of the Nobel Prize. 
Written 11 January 1923 aboard the Japanese ship Haruna Maru, near Singapore. The 


letter reads: 


“Dear (or rather beloved) Bohr! Your cordial letter reached me shortly before my 
departure from Japan. I can say without exaggeration that it gave me as much pleasure 
as the Nobel Prize. I find especially charming your concern lest you might have received 
the prize before 1 did — that is truly ‘Bohrish.’ Your new investigations on the atom 
have accompanied me on my travels and have further increased my regard for your 
intellect. I believe that I have finally understood the connection between electricity and 
gravitation. Eddington has come closer to the truth than Weyl. 

The trip ts splendid. I am charmed by Japan and the Japanese and am sure that you 
would be too, Moreover, a sea voyage like this is a delightful existence for a dreamer— it 
is like a cloister. Add to this the caressing warmth near the equator— warm rain drips 
lazily down from the sky, engendering peace and a plant-like state of semiconsciousness. 
This little letter attests to it, 

Hearty greetings. | look forward to secing you again, at the latest in Stockholm. 
Yours in admiration, A. Enstein.” 
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main features of the experimental results, and in the light of the correspon- 
dence principle we can say that the Stark effect reflects down to the smallest 
details the action of the electric field on the orbit of the electron in the 
hydrogen atom, even though in this case the reflection is so distorted that, 
in contrast with the case of the Zeeman effect, it would scarcely be possible 
directly to recognize the motion on the basis of the classical ideas of the 
origin of electromagnetic radiation. 

Results of interest were also obtained for the spectra of elements of higher 
atomic number, the explanation of which in the meantime had made 
important progress through the work of Sommerfeld, who introduced 
several quantum numbers for the description of the electron orbits. Indeed, 
it was possible, with the aid of the correspondence principle, to account 
completely for the characteristic rules which govern the seemingly capri- 
cious occurrence of combination lines, and it is not too much to say that the 
quantum theory has not only provided a simple interpretation of the com- 
bination principle, but has further contributed materially to the clearing up 
of the mystery that has long rested over the application of this principle. 
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III. THE BIRTH AND GROWTH OF 
QUANTUM MECHANICS 











Bohr on the Foundations 
of Quantum Theory 


Edward MacKinnon 


Throughout his career Niels Bohr manifested an abiding concern with the 
foundational problems generated by atomic physics and quantum theory. 
This concern gradually led him from a consideration of particular theories 
and concepts to the more general question of the nature of concepts and the 
way they function to make descriptions and explanations possible. His 
mature position, unfortunately, was usually presented in popular lectures 
that seemed to trivialize the significance of the position he had developed. 
To physicists, these appeared to be one more summary of past achieve- 
ments; to philosophers, the few who read Bohr’s works, these lectures 
seemed to exhibit the sort of amateur philosophizing routinely presented 
by aging scientists on ceremonial occasions. This bothered Bohr. Shortly 
before his death he complained that no professional philosopher had ever 
understood his doctrine of complementarity. 

My purpose here is to trace the development of Bohr’s thought on 
foundational issues. His protracted struggle to fashion a coherent interpre- 
tation of quantum theory contributed much more to his ultimate philo- 
sophical position than did any reading of philosophical sources. Bohr’s 
consequent position on the nature and goals of scientific explanation also 
underlay his continuing controversies with Albert Einstein on the interpre- 
tation of quantum theory. I will try to bring out the aspects of this debate 
that Bohr thought crucial. 


EARLY ROUTINE REALISM 


Bohr’s master’s thesis (or big question) was a survey of the results achieved 
by the contemporary electron theories of metals. His doctoral dissertation 
focused on a problem this survey had uncovered. Thomson, Langevin, 
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Lorentz, and others had explained, with some success, such properties of 
metals as paramagnetism and diamagnetism by introducing some ad hoc 
assumptions into an essentially classical framework. Bohr set himself the 
task of determining which conclusions concerning the properties of metals 
flowed from the general principles of classical physics without the intro- 
duction of special assumptions. His results were deflationary. Classical 
physics, by itself, was unable to explain either paramagnetism or diamag- 
netism. It also led to other conclusions at variance with experimental 
results, In a lecture he gave shortly after his arrival in England in late 1911, 
Bohr pinpointed the basic reason for the failure of classical physics to yield 
an adequate electron theory of metals and to account for blackbody radia- 
tion: Maxwell’s equations do not supply a basis for describing the small- 
scale motion of individual electrons. 

By June 1912, Niels was writing to his brother, Harald, that he had made 
a breakthrough which, unlike the impossible Thomson model of the atom, 
might capture a bit of reality. This work and the theory that emerged from 
it have been summarized in Part II. The essential point here is that Bohr’s 
1913 theory did supply a descriptive account of electronic motion. Electrons 
orbit the nucleus in circular coplanar paths and can jump from one allowed 
orbit to another. This work also seemed to sharpen the limits of the validity 
to be accorded Maxwell’s equations. These equations cannot explain how 
the emission and absorption of radiation is connected with electronic 
transitions. However, they do supply an adequate basis for describing the 
propagation of radiation in free space. This evaluation supported Bohr’s 
continued opposition to Einstein’s light- quantum hypothesis. 

At this stage of Bohr’s development there was nothing particularly novel 
about his way of interpreting scientific theories. The core of a good theory 
should be a descriptive account of objective reality. Bohr’s atomic theory 
had clearly not yet achieved this goal, but it had taken some significant steps 
in the right direction. Bohr’s early work on the scattering of particles from 
atoms fitted into the same general explanatory perspective. Ideally, one 
would begin with a descriptive account of the structure of the atom, the 
forces on the electrons, and the orbital motion of each electron. Since this 
proved impossible, Bohr made simplifications and approximations that 
provided a sufficient starting point. Within this perspective, experimental 
results could be interpreted as supplying additional information about the 
atom. The scattering of particles was interpreted as giving information 
about the static behavior of atoms, while the absorption of particles gave 
information about the dynamic behavior of atoms. This was not dogmatic 
realism. It was simply normally functioning physics. 

Even at the earliest stage, however, there was a significant difference in 
style between Einstein’s and Bohr’s ways of doing physics. The problems 
that most intrigued Einstein were those he later dubbed “the secrets of the 
Old One.” He searched for the beautiful simplicity that, he was convinced, 
must lie hidden behind the tangled phenomena of experience. Einstein 
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repeatedly devised ingenious thought experiments that idealized and clari- 
fied the hidden core of a paradoxical situation. Only after he had worked 
out the mathematical implications of some new position would Einstein 
search for experimental data that might test its experimental validity. The 
finer and often grubbier details of development were left for later and lesser 
men. 

Bohr never manifested Einstein's genius for intuitive creation. His talent 
lay in his ability to bring order out of chaos, to adjust models and equations, 
to adapt theories and interpret data until he had the best overall fit. 
Whereas Einstein tried to grasp a hidden essence by disregarding anything 
he thought irrelevant, Bohr insisted that nothing be left out. In a letter to 
George de Hevesy, written 7 February 1913, Bohr listed the topics he was 
then working on and which he felt that an adequate theory of the atom 
must explain: atomic volume and its variation with valence, the periodicity 
of the system of elements, the conditions of atomic combination, excitation 
energies of characteristic X rays, dispersion, magnetism, and radioactivity. 
Within a few weeks he added the topics of spectral series, ionization 
energies, and the mechanism of emitting and absorbing radiation. 


RETREAT TO FORMALISM 


Bohr accepted and expanded Sommerfeld’s redevelopment of his theory, a 
redevelopment that hinged more on mathematical methods than on visua- 
lizable models. This led to Bohr’s “second atomic theory” (the theory of the 
periodic table of the elements). In about 1920 Bohr began to make a sharp 
distinction between the descriptive elements of the theory and its formal 
principles. The truth of the descriptive elements depends on the corre- 
spondence between the description given and the reality described. The 
significance of the formal principles comes from the role they play in 
theories. 

The stress on this distinction came from Bohr’s increasing reliance on his 
own correspondence principle. This was not so much a principle of atomic 
physics as it was a method of extending classical laws to quantum domains. 
H. A. Lorentz’s account of the production of electromagnetic radiation 
could not, in Bohr’s opinion, be considered descriptively correct. Yet this 
theory had a completeness that the quantum theory of radiation lacked. It 
predicted polarizations, relative intensities, and forbidden transitions. Bohr 
adapted the correspondence principle into a tool for extending these classi- 
cal formulas to the quantum theory of radiation. Such an adaptation had no 
theoretical justification, for classical and quantum physics rested on quite 
different presuppositions. Yet it worked surprisingly well. Accordingly, 
Bohr concluded, the classical theory of radiation, though descriptively 
incorrect, must have some sort of formal correctness. 

Bohr’s explanation of the periodic table of elements represented the 
crowning achievement of the new Bohr-Sommerfeld theory. By the time 


Bohr is the most profound of the 
four [Planck, Rutherford, Einstein, 
Bohr| and probably the one whose 
influence has been largest. He is 
always questioning, never certain of 


his answers. 


D. ter Haar, 1959 
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Our understanding of atomic 
physics, of what we call the quantum 
theory of atomic systems, had its 
origins at the turn of the century and 
its great synthesis and resolutions in 
the 1920s. It was a heroic time. It 
was not the doing of any one man. It 
involved the collaboration of scores 
of scientists from many different 
lands, though from first to last the 
deeply creative and subtle and critical 
spirit of Niels Bohr guided, 
restrained, deepened, and finally 
transmuted the enterprise. 

J. Robert Oppenheimer, quoted 

in Robert Jungk, Brighter Than a 

Thousand Suns, 1956 
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Bohr had completed this in 1922, his account rested on three formal 
principles and three descriptive props. The three formal principles were 
Bohr’s own correspondence principle; Ehrenfest’s adiabatic principle, used to 
determine which orbits are possible; and the principle of the permanence of 
quantum numbers, the pivotal assumption that Bohr had used in explain- 
ing the building up of the periodic table of elements. Three descriptive 
props were accorded a foundational role. First, atomic electrons orbit the 
nucleus in elliptic paths. Second, the azimuthal quantum number k =/ + 
1, in contemporary notation) characterizes an orbit’s ellipticity. Third, the 
emission and absorption of radiation is due to orbital transitions of elec- 
trons. 

The Bohr-Sommerfeld theory was encountering formidable difficulties 
when it was extended to such outstanding problems as the splitting of 
spectral lines in weak magnetic or strong electric fields, the scattering of 
light from atoms, the helium atom, the hydrogen molecule, and some 
interaction effects later explained through the Pauli exclusion principle and 
electron spin. To accommodate such intractable problems, Bohr, Lande, 
Pauli, Kramers, and especially the iconoclastic young Heisenberg intro- 
duced ad hoc assumptions and new models incompatible with the Bohr- 
Sommerfeld theory. The theory had effectively become a thing of rags and 
patches. By the summer of 1923 a consensus was beginning to emerge, 
especially among Max Born’s associates, that something radically new was 
needed, a quantum mechanics to replace the patched up mixture of classical 
and quantum ingredients. 

Bohr, already the elder statesman of atomic physics, now left the mathe- 
matics to others. He concentrated on analyzing the nature of the explana- 
tions atomic physics could supply. The three descriptive props he had 
thought essential had either been undermined by new developments or 
simply disregarded in solving particular problems. Bohr began to think that 
atomic physics should be interpreted as giving a purely formal, rather thana 
descriptive, account of atomic processes and structures. Though this for- 
malistic method of interpreting theories bore resemblances to ideas devel- 
oped by Pierre Duhem, Ernst Mach, and Henri Poincaré a generation 
earlier, Bohr gave little evidence of being influenced by their work. 

To implement his new approach, Bohr turned toa surprising ally: Albert 
Einstein. By 1907 Einstein had come to accept the validity of the Planck 
radiation formula. Yet he never accepted Planck’s justification of this law. 
In 1916 and 1917 Einstein had written three papers deriving Planck’s law 
from the general principles of the Bohr theory: the assumption that mole- 
cules have only discrete energy states, and that radiation frequencies are 
determined by differences between energy states. In the third paper, Ein- 
stein introduced an assumption that was to haunt the remaining years of his 
life. His theory included both spontaneous and induced emission of radia- 
tion. Spontaneous emission seemed to be a pure chance event not deter- 
mined by causal laws. Einstein thought that this, as well as the probability 
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coefhcients he introduced, would eventually be given a deterministic 
foundation. 

In Einstein’s 1917 radiation paper, Bohr saw an approach to atomic 
physics that used the general principles of the Bohr theory but that did not 
rely on any of the descriptive props that Bohr now found suspect. There 
remained, however, one major point of divergence. Einstein’s paper de- 
fended and expanded the light-quantum hypothesis. In spite of the then 
current revival of interest in this hypothesis and the reinforcement it had 
recently received from its role in explaining the Compton effect, Bohr still 
rejected it. He discovered a possible way of using Einstein’s approach, 
without also using the suspect light- quantum hypothesis which had a basic 
significance in Einstein’s paper. John Slater, then a young postdoctoral 
fellow, had introduced the idea of a virtual radiation field through which 
atoms communicate with each other and induce transitions. Slater thought 
of this as a way of fusing the wave and particle models of light. In 1924 he 
came to Copenhagen and collaborated with Bohr and Kramers on a paper 
(the so-called B-K-S paper), which adapted this assumption but dropped the 
idea of light quanta.! 

Bohr actually wrote the B-K-S paper himself. It anticipated the basic 
elements later given greater coherence in the “Copenhagen interpretation” 
of quantum mechanics. The guiding principle of the paper was the formal 
(in Bohr’s special sense) nature of atomic explanation. The paper was 
almost exclusively concerned with clarifying the type of information 
quantum theory gives, rather than with the mathematical formalism. 
Space-time descriptions were seen as excluding the simultaneous use of 
causal accounts. The most distinctive conclusion of the paper, one that 
Slater did not like, was the reinterpretation of the principles of energy and 
momentum conservation as statistical principles. The paper postulated that 
these principles cannot be strictly applied to individual interactions. 

Though this paper built on Einstein’s work, it used statistical reasoning 
in a way quite different from Einstein’s. Einstein, who had published 
twenty-four papers concerned with statistics, was clearly the master of 
statistical reasoning. His guiding principle had always been that atomic 
events are governed by laws of objective validity, though not necessarily by 
already known laws. Statistical methods are introduced either when the 
underlying laws are not adequately understood, or when the large numbers 
involved render precise calculation impossible. The B-K-S paper accorded 
the notion of probability a foundational rather than a derivative status, and 
did so without even examining the problems of deterministic foundations 
that perplexed Einstein. The paper also rejected the light-quantum hy- 
pothesis that Einstein had so long and staunchly defended. Einstein let it be 
known that he did not accept the B-K-S paper. 

The physics community, even the popular press, soon became aware of 
this clash of the titans. Walther Bothe and Hans Geiger in Berlin, and 
Arthur H. Compton and Alfred W. Simon in the United States, began some 
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Men like Einstein or Niels Bohr 
grope their way in the dark toward 
their conceptions of general relativity 
or atomic structure by a type of 
experience and imagination different 
from that of the mathematician, 
although no doubt mathematics is an 
essential ingredient. 
Hermann Weyl, “David Hilbert 
and His Mathematical Work,” 1944 
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ingenious and very difficult tests to determine whether energy and mo- 
mentum are strictly conserved in atomic interactions. When the experi- 
mental results finally came in, they showed that energy and momentum are 
indeed conserved. Einstein had decisively won the first round in the Bohr- 
Einstein debates. 


MUDDLED CONCEPTS AND A NEW MECHANICS 


Bohr did not interpret these experimental results as a straightforward 
refutation of his statistical interpretation. The basic problem, as he then 
saw it, was a fundamental breakdown in the way science uses space-time 
pictures to describe natural phenomena. The purely formal, or hypotheti- 
cal-deductive, interpretation of scientific theories championed in the 
B-K-S paper did not accord any descriptive significance to general princi- 
ples or the concepts they embodied. This now seemed too extreme a 
renunciation. Yet the descriptive realism implicit in much of Bohr’s earlier 
work seemed less tenable than ever. Bohr’s reaction to this dilemma was to 
sharpen his correspondence principle. Earlier he had adapted it into a tool 
for extending classical laws to quantum domains. The technique that had 
worked for classical laws should also work for classical concepts. 

Bohr had been using ‘classical’ in his own special sense since 1912, By 
‘classical concepts’ he meant ordinary language terms, such as ‘wave’ and 
‘particle,’ which are given specialized meanings in classical physics. The 
same terms were transferred into quantum physics, though quantum phys- 
ics seemed to require a decisive break with some of the presuppositions 
underlying classical physics. Bohr’s: feeling —at this stage it was more a 
feeling than a developed doctrine — was that the correspondence principle 
approach should clarify the way in which a term, whose meaning is deter- 
mined in one conceptual framework, can function in a quite different 
conceptual framework. This method of interpreting scientific concepts 
seemed promising, provided there was something to interpret. Still lacking 
was an atomic theory that was coherent and empirically adequate. This 
lacuna was soon filled by the development of matrix mechanics, wave me- 
chanics, the Pauli exclusion principle, and the discovery of electron spin. Here I 
will focus on only one aspect of this crucial breakthrough in quantum 
theory. That aspect is the manner in which the new mathematical forma- 
lisms were given a physical interpretation. 

Heisenberg’s development of quantum mechanics was, in many respects, 
an extension of Bohr’s own work. The development hinged on a skillful 
use of, and a skillful concealment of, the virtual oscillator model of the 
atom that had been introduced in the B-K-S paper. By the time quantum 
mechanics was transformed into matrix mechanics, it seemed to rest on the 
interpretative principle that Heisenberg had adapted from Pauli and Born: 
quantum theory should be interpreted exclusively in terms of relations 
between observable quantities. This was the type of purely formal, or 
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positivist, interpretation that Bohr himself had backed into—and was 
critically reexamining in the aftermath of the B-K-S paper. 

Heisenberg and Pauli were closely associated with Bohr and with the 
mainstream of atomic physics, a stream that flowed through Copenhagen, 
Cambridge, Gottingen, and Munich. Wave mechanics was more an exten- 
sion of Einstein’s work than of Bohr’s. Louis de Broglie accepted the 
wave-particle duality which Einstein had introduced into light theory and 
which had received an independent development at the hands of physicists 
struggling with the puzzling properties of X rays. De Broglie’s treatment of 
the relation between the wave and particle aspects of matter was based 
exclusively on the special theory of relativity, rather than on the complex 
collection of spectroscopic data that was the center of concern of the 
mainstream atomic physicists. 

As studies by Hanle and Wessels have shown,? Schrédinger’s path to 
wave mechanics had ideal gas theory as its point of departure. In develop- 
ing Bose-Einstein statistics, Einstein had retained the familiar view of a gas 
as a collection of molecules, but changed the way states are counted. Schré- 
dinger reinterpreted this. He retained Boltzmann’s method of counting 
energy states, but accommodated the new statistics by reinterpreting the 
bearers of these states. Thus, a gas was treated as a unit. Molecules lost 
much of their individuality and were treated as something analogous to 
wave crests. Then, following a suggestion of Einstein’s, Schrédinger stud- 
ied de Broglie’s thesis. After attempting and failing to develop a wave 
mechanics based on the special theory of relativity, Schrodinger developed 
his nonrelativistic wave mechanics. 

Schrédinger’s wave mechanics presented a mathematical formalism, ap- 
parently quite different from matrix mechanics, loosely coupled to some- 
thing of a wave interpretation. Schrédinger was well aware of difficulties 
with dispersion of wave packets and of the differences between de Broglie’s 
wave interpretation, based on relativistic transformations in real space, and 
his own approach, based on a nonrelativistic formulation in phase space. 
The first two papers in his series on wave mechanics stressed the point that 
the new mathematical formulation led to the natural emergence of integral 
quantum numbers. The papers merely suggested that some sort of wave 
interpretation seemed appropriate. 

Then Schrédinger proved that wave mechanics and matrix mechanics 
are mathematically equivalent. This immediately enlarged both ap- 
proaches. Wave mechanics adopted the operator interpretation of variables, 
while matrix mechanics could now use the simpler and more familiar 
mathematical methods of wave mechanics, based on differential equations. 
This intertranslatability of formalisms also presented something of a prior- 
ity problem. As both Schrédinger and Heisenberg realized, if matrix and 
wave mechanics are mathematically equivalent, then the only really signifi- 
cant difference between them is the physical interpretation to be accorded 
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It was the German, Werner 
Heisenberg, who, at the age of 
twenty-three, suggested that the 
theoreticians should give up trying 
to trace the movement of electrons 
inside atoms where they could not be 
observed; instead they should find 
mathematical correlations between 
observable facts. His teacher at 
Gottingen, Max Born, taught the 
young genius some of the mathemat- 
ics he had been trying to reinvent, 
and himself made important 
contributions to the interpretation of 
the formulae. But it was Niels Bohr, 
with whom Heisenberg worked in 
Copenhagen for several years, who 
insisted on understanding what 
Heisenberg’s mathematics really 
meant; it was under his influence 
that Heisenberg formulated and, 
with physical rather than merely 
mathematical arguments, justified 
the uncertainty principle that made 
his name a household word. 
O. R. Frisch, 
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each man in his own approach. Schrédinger insisted that a wave interpreta- 
tion has an intuitive significance that Heisenberg’s purely formal methods 
of interpretation lacked. Heisenberg countered that the intuitive appeal of 
the wave picture actually misrepresented the facts of atomic physics. Each 
sought problems that would establish the correctness of his own view. 

The competition between Schrédinger and Heisenberg reflected a 
deeper challenge. The unprecedented success of Schrédinger’s brilliant 
series of papers on wave mechanics came at a time when, as Mara Beller has 
shown, matrix mechanics was encountering formidable difficulties.* 
Schrédinger seemed to be beating the mainstream spectroscopists at their 
own game, and doing it by relying on methods and concepts familiar to 
physicists, rather than on the unfamiliar mathematics of matrix mechanics 
and its unpalatable rejection of space-time pictures of the atom. This ava- 
lanche of new developments urgently demanded an interpretation that was 
consistent and comprehensible. 

During this period, Heisenberg was spending much of his time at Bohr’s 
institute. Bohr invited Schrédinger to join them in the hope that the three 
of them might work out an acceptable interpretation of the new develop- 
ments. Schrédinger came to Copenhagen in October 1926. He and Bohr 
never reached any accord. Schrédinger, ever the loner, left after two weeks 
to work out his own interpretation in the privacy he needed for creative 
work. Heisenberg stayed on. He had a position as Bohr’s assistant for that 
academic year. For months he and Bohr had protracted, often heated, 
discussions concerning idealized experiments, physical interpretations, and 
the ground of meaning of the concepts involved in these interpretations. 

Their dialogue eventually broke down because of two points on which 
they could reach no accord. The first was Schrédinger’s wave interpreta- 
tion. Though Heisenberg was, by this time, willing to use Schrédinger’s 
mathematical methods, he completely rejected any wave interpretation of 
electrons. He insisted that one should begin with the mathematical forma- 
lism, work out its consequences, and then relate these to experiments, both 
actual and thought experiments. Bohr insisted that a consistent physical 
interpretation is more basic than the mathematical formalism that builds 
on it. Though Schrédinger’s wave interpretation could not be considered 
literally correct, it must, Bohr argued, be accorded a significant role in the 
overall physical interpretation. 

The second point of disagreement concerned the way concepts acquire 
meaning. Heisenberg insisted that the meaning of such crucial terms as 
‘position’ and ‘momentum” should be set by the operations through which 
these quantities are measured. Bohr insisted that such terms are not assigned 
meanings. Their meanings are already determined by their usage in classi- 
cal physics. The crucial conceptual problem was one of extending concepts, 
whose meanings are set in one conceptual framework, to a new conceptual 
framework resting on seemingly incompatible foundations. This problem 
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was to be solved not by assigning meanings but by extending the corre- 
spondence principle from formulas to concepts. 

By February 1927 their dialogue had so decayed that cooperative effort 
proved extremely difficult. Bohr went to Norway fora skiing trip and there 
thought through the doctrine he later presented as complementarity. Hei- 
senberg remained in Copenhagen and wrote the first draft of a paper 
demolishing Schrédinger’s appeal to intuition. This was the origin of the 
indeterminacy (or uncertainty) principle. Heisenberg wrote the draft in the 
form of a long letter to Pauli. He was assuming, as in his earlier develop- 
ment of quantum mechanics, that if Pauli, the master of criticism, would 
accept his argument, he was on solid ground. 

Pauli accepted the argument. Yet the indeterminacy paper initially 
served to deepen the rift between Bohr and Heisenberg, When Bohr re- 
turned from Norway he read the paper and thought that it should be treated 
the way initial drafts of his own papers were. It should serve as a basis for 
discussion and be written and rewritten until every detail was correct. 
Heisenberg ignored all such suggestions and sent the hastily written paper, 
with all its imperfections, to the Zeitschrift fir Physik. The indeterminacy 
principle decisively undercut Schrédinger’s wave picture, which in princi- 
ple assumed precise specifications of both position and momentum. Hei- 
senberg wanted his paper published as soon as possible. 

The intervention of Oskar Klein, Bohr’s new assistant, served to exacer- 
bate the difficulties between Bohr and Heisenberg. Finally Pauli inter- 


Bohr talking with Werner Heisen- 
berg (center) and Wolfgang Pauli 
(right) in the lunchroom of the Niels 
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vened. In early June 1927, he went to Copenhagen and mediated the rift 
between Bohr and Heisenberg. Both accepted his face-saving solution that 
their disagreement concerned not fundamental concepts, but merely the 
order of precedence of these concepts. Heisenberg added a conciliatory 
postscript to the draft copy of the indeterminacy paper, indicating that the 
wave and particle pictures could be considered complementary. 

From this time on, Bohr, Heisenberg, and Pauli shared something of a 
common doctrine, which came to be known as the Copenhagen (or ‘ortho- 
dox’) interpretation of quantum mechanics. Heisenberg’s indeterminacy 
paper and Bohr’s paper on complementarity were the two pillars of the 
Copenhagen interpretation. This interpretation was summarized in, and 
transmitted through, Pauli’s article in the 1933 Handbuch der Physik. The 
Copenhagen interpretation includes the uncertainty principle; the idea that 
photons, electrons, and other “particles” exhibit both wave and particle 
properties: the probabilistic interpretation of the wave function; the corre- 
spondence between eigenvalues, given by the theory, and measured values; 
the complementary relationship between the Heisenberg and Schrédinger 
representations; and the correspondence principle conclusion that quantum 
mechanics merges with classical mechanics in the limits of large quantum 
numbers. These ideas are now an established part of functioning quantum 
theory. In 1927 most of them seemed novel and more than a bit bizarre. 


THE CONSOLIDATION OF BOHR’S POSITION 


It is important to distinguish the Copenhagen interpretation, which was 
well understood and widely accepted, from Bohr’s epistemology, which 
was poorly understood and rarely accepted. From 1927, when the Copen- 
hagen interpretation went public, until 1937, when Bohr’s epistemological 
position was fixed, Bohr kept reworking his position through papers, 
addresses, and interminable discussions. For the purposes of this discus- 
sion, I will divide his development during this ten-year period into two 
phases: reformulations of his interpretation of quantum theory, a phase 
lasting till about 1930; and attempts to extend his position in a way that 
would give functioning physics an overall conceptual consistency. 

A brief historical scenario may help relate the aspects I will consider to 
the developments I will merely skim. Bohr presented his paper on comple- 
mentarity at a meeting in Como, Italy, which Einstein did not attend, and 
in October 1927 gave essentially the same paper at the Solvay conference, 
which Einstein did attend. Before this conference Bohr sent Einstein a letter 
outlining his position and also, at Heisenberg’s request, included a copy of 
Heisenberg’s indeterminacy paper. Einstein did not reply to the letter, did 
not give a paper at this conference (or at any Solvay conference after the first 
one in 1911), and did not comment on the paper Bohr gave. However, he 
made his views known by commenting on a paper given by Max Born, and 
in informal discussions. 
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Bohr walking with Einstein in 
Brussels during the Solvay Confer- 
ence of 1927. 





The development of Bohr’s position can best be seen by focusing on two 
principles which came to play an organizing role: the first was comple- 
mentarity, and the second was the epistemological irreducibility of atomic 
experiments. When Bohr introduced the term ‘complementarity’ in 1927, 
he used it to refer primarily to the complementary relationship obtaining 
between spatio-temporal descriptions and the application of causal princi- 
ples. The causal principles basic to physics rested on the classical idealiza- 111 
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The notion of complementarity does 
not imply any renunciation of 
detailed analysis limiting the scope 
of our inquiry, but simply stresses the 
character of objective description, 
independent of subjective judgment, 
in any field of experience where 
unambiguous communication 
essentially involves regard to the 
circumstances in which evidence is 
obtained. In logical respect, such a 
situation is well known from 
discussions about psychological and 
social problems where many words 
have been used in a complementary 
manner since the very origin of 
language. 
Niels Bohr, 
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tion of motion by free particles and of radiation in empty space. Space-time 
descriptions, however, require an interaction between the system observed 
and the agency of measurement, an interaction which precludes any possi- 
bility of an isolated system. This primary sense of ‘complementarity’ gen- 
erates a derivative complementarity between the definition of concepts and 
the possibility of observation. Thus, ‘stationary state’ implies precise en- 
ergy. Such a precise specification is possible only when a system is not 
disturbed by measurement. 

The original formulation of complementarity had some unfortunate 
implications, of which Bohr only gradually became aware. First, it implic- 
itly presupposed a distinction between atomic systems as they exist and the 
same systems as known, without explaining how anything meaningful can 
be said about these systems apart from the conditions of their knowability. 
Second, it presupposed that a system is in a determined state prior and 
subsequent to the measurement that disturbs this state, though these prior 
and subsequent states were, by Bohr’s own principles, unknowable. Finally, 
Bohr’s original formulation implied unlimited accuracy in retrodicting the 
position and momentum that a particle had prior to the act of measure- 
ment. 

Bohr’s second basic principle, the epistemological irreducibility of 
atomic experiments, is well illustrated by the standard example: a double- 
slit electron interference experiment. Someone performing such an experi- 
ment with both slits open cannot meaningfully ask which slit the electron 
went through. The system being observed, and the apparatus used to 
observe it, form an epistemologically irreducible unit. The only meaning- 
ful way to determine which slit the electron went through is to close one 
slit. If the electron hits the plate then it went through the open slit. The idea 
was fairly clear; the terminology used to express it was not. The classical 
terminology used to describe trajectories implicitly presupposed a classical 
determinacy, something incompatible with the quantum indeterminacy. 

When Bohr came to grips with this difficulty around 1929, he tempo- 
rarily resorted to a locution Dirac had introduced, and spoke about the need 
to reckon with a free choice on the part of nature about the state a system 
enters. He also substituted ‘reciprocity’ for ‘complementarity.’ Neither ‘free 
choices on the part of nature’ nor ‘reciprocity’ was used after 1929. When 
Bohr returned to ‘complementarity’ he came to stress, as its primary appli- 
cation, the complementary relation between the wave and particle repre- 
sentations. This brought a new set of difficulties. Unlike space-time de- 
scriptions and causal principles, the wave and particle concepts are 
mutually exclusive in classical physics. Such considerations intensified 
Bohr’s concern with the question of how concepts acquire meaning. His 
earliest writings reflect the traditional empiricist position that the mean- 
ings of key concepts linking knowledge to reality are basically determined 
by perception. However, the classical concepts that had emerged as prob- 
lematic were, as Bohr clearly realized, idealizations. The meanings of such 
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idealized concepts depend on the conceptual framework —for example, 
classical physics —in which they function. This growing tendency to de- 
velop a general doctrine of meaning was temporarily circumvented by 
some novel developments in physics that induced Bohr to consider a few 
particular concepts in a more searching way. 

The final act in this first phase was another confrontation with Einstein. 
Though neither Bohr nor Einstein gave a paper at the 1930 Solvay confer- 
ence, they had extensive semipublic discussions at the Hotel Metropole. 
There, during breakfast one day, Einstein proposed a now famous thought 
experiment. A box that contains trapped radiation and a clockwork mecha- 
nism controlling a shutter emits one photon at a precisely determined time. 
The energy may be determined by a precise weighing of the box before and 
after the emission using Einstein’s equation E = mc?. This experiment 
seems to prove that it is possible, at least in principle, to violate the indeter- 
minacy relation between time and energy. At breakfast the next morning 
Bohr showed that when Einstein’s own principle of equivalence is included 
in the account, one obtains exactly the results predicted by the indetermin- 
acy principle. 

By 1930 quantum physics had once more reached a crisis stage. There 
were three problem areas that seemed interrelated. Quantum field theory, 
introduced by Dirac when he was studying at Bohr’s institute, seemed to do 
what Slater’s virtual radiation field had failed to do. It supplied an interpre- 
tation of the phenomena Einstein had explained through his light quantum 
hypothesis, and did so in a way that clearly fitted the principle of comple- 
mentarity. Bohr accepted this enthusiastically. By 1930, however, the prob- 
lem of infinite self-energy emerged when Oppenheimer calculated the 
interaction of an electron with its own field. 

Relativistic quantum mechanics, another contribution of Dirac’s, was an 
instant success, in spite of the peculiar negative-energy solutions it allowed. 
At first, Dirac simply disregarded them. However, Klein showed that a 
sufficiently strong potential over a sufficiently small region could induce an 
electron to jump into a negative energy state. These states, accordingly, 
could not simply be ignored. 

Nuclear physics presented a family of outstanding puzzles, stemming 
mainly from the question of whether electrons, known to be emitted in 
beta decay, must, for this reason, be assumed to be nuclear constituents. 
Electrons, so confined, would have such high kinetic energies that it was 
hard to see how they could remain confined. Second, the assumption that a 
nucleus is composed of protons and electrons led to conclusions concerning 
nuclear spin and statistics that conflicted with experimental results. 

As the presiding figure in the atomic physics community, Bohr was 
deeply immersed in all of these problems. Yet his manner of tackling them 
was unique. He left the mathematical formulations, detailed theories, and 
experimental research to younger people. His task, as he saw it, was to 
articulate a network of fundamental physical concepts that was meaning- 113 


The Birth and Growth of Quantum Mechanics 


114 


—— ee ————eE———eEeEeeeeeeEeE—————EEEEE————————— a 


ful, coherent, and adequate to the data. This network involved such physi- 
cal concepts as ‘particle,’ ‘wave,’ ‘position,’ ‘momentum,’ and ‘spin.’ It also 
included such epistemological and ontological concepts as ‘observe,’ ‘re- 
port,’ ‘describe,’ ‘measure,’ ‘objective,’ and ‘real.’ To exemplify what this 
entailed, I will consider Bohr’s analysis of one key concept: ‘particle.’ 

On 24 November 1929, Bohr wrote Dirac a letter explaining how he 
thought the difficulties generated by Dirac’s relativistic wave equation 
should be handled. The classical theory of the electron, based on the 
classical concept of a particle, has a limited validity. This limit is character- 
ized by the ‘classical radius’ of the electron, e?/mc? = 2.8 X 107% cm. It may 
be, Bohr suggested, that the concept of a particle has no validity below this 
limit. If the particle concept goes, energy conservation may go with it. 

Dirac answered immediately. Energy conservation must be preserved at 
all costs. To indicate how this might be done Dirac presented his first 
account of holes in a negative-energy sea appearing as positive particles, 
presumably protons. Bohr rejected this and replied: “In the difficulties of 
your old theory I still feel inclined to see a limit of the fundamental 
concepts on which atomic theory hitherto rests.” 

Bohr kept reworking this idea of finding the limits of applicability of the 
concept ‘particle’ as predicated for electrons, at that time the only particles 
that posed a real problem in this regard. His reasoning involved a unique 
fusion of semantics and physics. The key idea was that one could speak of 
the electron as a particle only when dealing with phenomena on a scale 
much larger than any size meaningfully related to electrons. Bohr took this 
size to be the Compton wavelength h/mc (=3 X 10~ cm). As one dealt 
with phenomena on a scale smaller than this, it became progressively less 
meaningful to speak of the electron as a particle. For phenomena character- 
ized by the classical electron radius, the concept ‘particle’ had no applicabil- 
ity at all. 

By October 1931, when he gave an address to an Italian physics conven- 
tion, Bohr had come to see this analysis of ‘particle’ as a means of handling 
all the outstanding difficulties previously noted. His idea may be summa- 
rized as follows. The radius of a nucleus is of the same order of magnitude 
as the classical radius of the electron. The concept of an electron as an 
individualized particle has, accordingly, no valid application within the 
nucleus. The charges of the absorbed electrons are conserved; their individ- 
ual identities and mechanical properties are not. Beta decay, now interpreted 
as the creation of a mechanical particle, need not obey the conservation 
laws proper to already existing particles. This approach seemed to dispose 
of the difficulties of nuclear statistics, since electrons in the nucleus would 
not be counted as particles. It also seemed to banish the problems of infinite 
self-energy and the Klein paradox. Both required intense electric fields 
over very small regions. The particles required to produce such fields could 
not be localized over so small a region. Paradox lost. 

Bohr’s solution to these problems was an outright failure. The next year 
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witnessed the discovery of the neutron and the discovery of the positron, 
the latter quickly interpreted as Dirac’s antielectron. The following year, 
Fermi presented his theory of beta decay —a theory that made essential use 
of both the neutrino hypothesis, which Bohr had rejected, and the principles 
of energy and momentum conservation. 

Bohr’s reaction to this failure was similar to his earlier reaction to the 
failure of the B-K-S paper. In both cases he was convinced that his ap- 
proach had an essential validity. The underlying difficulty he faced in the 
early thirties was an inherent fuzziness in the way he was attempting to 
relate concepts to objects. He realized that his unique exploratory type of 
conceptual analysis required supplementation by something more precise. 
He attempted once again to resharpen his old correspondence principle into 
a tool for examining the peculiar problems of extending concepts into new 
domains. 

This led to Bohr’s two greatest scientific achievements of the thirties. 
The first, done with the collaboration of Léon Rosenfeld, was to establish 
the consistency of quantum held theory against the objections brought by 
Lev Landau and Rudolf Peierls. The key point in the Bohr-Rosenfeld 
analysis is the idea that any assignment of sharp values to all points in a field 
is an idealization resting on the classical concept of a test particle and the 
correspondence principle. 

Bohr’s redevelopment of nuclear physics was a more spectacular success. 
After the discovery of the neutron, Heisenberg, Ettore Majorana, and D. 
Ivanenko independently developed the idea that the nucleus is composed 
exclusively of protons and neutrons. When Bohr finally accepted this he 
realized that it changed the status of nuclear physics. Thanks to their large 
masses, protons and neutrons within the nucleus have kinetic energies that 
are much smaller than their rest-mass energies. The classical concept of a 
particle, accordingly, should have an approximate validity in describing 
their activities. A principle implicit in Bohr’s epistemology is that visualiz- 
able models are valid and useful within the limits in which classical con- 
cepts can be used to give descriptive accounts. Nuclear models were thus 
now in order. Bohr proceeded to develop both his collective model of 
nuclear dynamics and later the liquid-drop model (as discussed in detail in 
the chapter “Niels Bohr and Nuclear Physics”). 

In his earlier conceptual analyses Bohr had focused on the proper way of 
extending classical concepts to, and restricting their usage in, quantum 
domains. He had accepted the classical meanings of these concepts as 
essentially unproblematic. His later work forced him to come to grips with 
the problem of how any concept has meaning. Though he never developed a 
systematic theory, he anticipated some of the key features later developed in 
Wittgenstein’s Philosophical Investigations. The meaning of a word is deter- 
mined by its usage in language, not by the objects it can or may denote. The 
particular form that Bohr’s analysis took may best be seen by considering 
two basic classical concepts: ‘particle’ and ‘wave.’ 115 
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Our experiments, to use Bohr’s 
favorite phrase, are questions that we 
put to Nature; and in our theories 
we try to state what we have learned 
from her in a language ensuring 
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mount importance of establishing a 
rigorous terminology, sufhciently 
general to make due allowance for 
the peculiar conditions under which 
we observe atomic systems. 

Léon Rosenfeld, “Niels Bohr’s 
Contribution to Epistemology,” 1963 


116 


These are ordinary language concepts given a specialized usage in classi- 
cal physics. To call anything a ‘particle’ is to imply that its internal struc- 
ture, if such there be, is irrelevant in the context. A particle has a space-time 
trajectory. It can impinge on a target, penetrate it, recoil from it, or be 
deflected by it. These interrelations are not determined by what electrons 
really are. They simply represent an unpacking of the cluster of conceptual 
entailments implicit in the ordinary usage of ‘particle’ by physicists. Simi- 
larly, the classical concept ‘wave’ is at the center of a different conceptual 
cluster. A wave has neither a precise location nor a proper trajectory. It 
propagates via vibrations in a medium. Waves do not collide, penetrate, or 
recoil. Waves are reflected, refracted, or absorbed. 

The experimental sources of information about atomic systems can be 
roughly divided into two types. The first is collision experiments. A target 
is bombarded with atomic projectiles and the resulting fragments are exam- 
ined. The second source of information is the radiation that is emitted, 
absorbed, or modified by atomic or subatomic processes. In describing any 
type of experiment and reporting experimental results, it is necessary to 
rely on either the ‘particle’ or the ‘wave’ conceptual cluster. One of the two 
can be adapted to any experimental situation. Neither can be adapted to all 
situations. Which one is appropriate depends on the questions that the 
researcher puts to nature. 

Bohr extended this approach to such higher-order terms as ‘observe, 
‘objective,’ ‘real,’ and ‘exist.’ Each clarification is rooted in Bohr’s analysis of 
the conditions of the possibility of unambiguous communication of infor- 
mation. Thus, ‘objective’ is properly used in contrast with ‘subjective.’ To 
interpret atomic physics objectively does not mean explaining the meaning 
and truth of statements in terms of the objects these statements describe. It 
means, rather, showing how the subject-object distinction, implicit but 
indispensable in ordinary language usage, is preserved in the extension of 
this usage to scientific contexts. 


IS QUANTUM MECHANICS COMPLETE? 


After the 1930 Solvay conference, Einstein accepted both the indetermin- 
acy principle and the probabilistic interpretation of the wave function. Yet 
he continued to insist that quantum mechanics, despite its unparalleled 
success, should be regarded as a temporary expedient, not as the definitive 
theory. Bohr and Einstein had little personal or professional contact, except 
through their mutual confidant, Paul Ehrenfest. This contact ceased with 
Ehrenfest’s suicide in 1933. Yet even with this lack of extended contact, 
each seems to have carried on an almost incessant inner private dialogue 
with the other’s position. In 1935 Einstein, in collaboration with Boris 
Podolsky and Nathan Rosen, wrote a highly influential article (the so- 
called E-P-R paper) pinpointing what he took to be the chief shortcoming 
of quantum mechanics. I would like to consider here not the details (which 
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are discussed in the essay by David Mermin), but the conflicting ideals of 
scientific explanation manifested in the positions of Einstein and Bohr. 

The goal of Einstein’s striving, from the beginning to the end of his long 
career, was to come to know physical reality as it exists objectively. For him 
‘objective knowledge’ meant knowing things as they exist independent of 
the human perceiver. Quantum mechanics, Einstein argued in the 1935 
paper, is incomplete because there are elements of physical reality not 
included in the descriptions that quantum mechanics supplies. 

The complication here is that one cannot “look” at physical reality and 
compare it with the predictions of quantum theory. One can “look” at the 
physical reality treated by quantum theory only through the lenses that the 
theory itself supplies. One must use quantum theory to establish the in- 
completeness of quantum theory. The E-P-R paper attempted this by a 
thought experiment that soon became as famous as Newton’s rotating 
bucket and Maxwell’s demon. Consider two systems, such as two particles, 
that interact for a time and then separate. Since the separate systems are still 
described by a single wave function, they are correlated. One could mea- 
sure the position of particle A and then use the wave function to infer the 
position of particle B; or one could measure the momentum of particle A 
and then use the wave function to infer the momentum of particle B. Since 
one can infer either the position or the momentum of particle B without in 
any way disturbing the particle, both its position and its momentum must 
be considered objectively real properties. Quantum mechanics does not 
allow a simultaneous specification of both a particle’s position and its 
momentum. Hence, the quantum-mechanical description of physical real- 
ity must be considered incomplete. There are objectively real properties of 
bodies not included in the theory. 

Bohr’s answering article was not concerned with clarifying the relation 
between quantum theory and physical reality as it exists independent of 
any human perceiver. At issue, rather, were the conditions of the possibility 
of the unambiguous communication of information about atomic systems 
through propositions using the concepts ‘position’ and ‘momentum.’ Bohr 
showed, through an analysis of possible experiments, that the conditions 
which allow an unambiguous use of ‘position’ render ‘momentum’ essen- 
tially ambiguous, regardless of which particle’s momentum is in question. 
Similarly, any experiment that makes possible the unambiguous use of 
‘momentum’ renders ‘position’ inapplicable to either particle. Accordingly, 
Bohr concluded, the E-P-R criterion of reality must itself be considered 
ambiguous. Quantum theory is complete inasmuch as it embodies a ratio- 
nal utilization of all the sources of information concerning atomic systems 
that admit of simultaneous specification. 

The only really adequate answer to such objections, Einstein realized, 
was to replace quantum mechanics by a more basic theory that does de- 
scribe physical reality as it exists objectively. This Einstein never succeeded 
in doing, despite some thirty years of protracted effort. Yet the goal he 


Einstein, along with certain 
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preceding generations (Langevin, 
Planck), never granted, it seems, the 
new ideas of Bohr and Heisenberg. 
At the Solvay Conference of October 
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objections. A few years later, in a 
paper written with Podolsky and 
Rosen, he expounded the difficulties 
which the actual interpretation of 
quantum mechanics appeared to him 
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pions of the new conceptions to 
clarify subtle points. Even if one con- 
siders it possible to circumvent them, 
it is useful to have studied and 
reflected upon them at length. 

Louis de Broglie, “A General 

Survey of the Scientific Work 

of Albert Einstein,” 1949 
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strove toward reveals his notions of what a scientific explanation should be 
and do. He aspired to achieve a complete logical unification of relativity 
theory and quantum theory based on only one foundational concept: 
‘field.’ Though he had to appeal to an almost mystic intuition to justify his 
conviction that what is basic in thought is also basic in reality, he clearly held 
for such a correspondence. 

A foundationalist approach to human knowledge constitutes an abiding 
temptation for systematic thinkers. In the rationalist tradition, the founda- 
tion was generally thought to be some sort of indubitable or self-evident 
principles. The empirical tradition rejected such purported foundations 
and sought instead to ground human knowledge in such empirical reality 
as sense data or (the logical empiricist variation) some form of sense data 
reports. In spite of this reversal, these competing traditions shared a com- 
mon ideal. Human knowledge, or at least the reliable aspects of human 
knowledge, could be properly redeveloped as a deductive system, one in 
which the truth of the foundation and the correctness of the inferences 
justified the truth of derived conclusions. Even the skeptical critics of such 
systematizations often reflected the same ideal, when they based their 
skepticism on doubts about the truth or certainty of the foundation or the 
indubitability of the chain of inferences. 

The real strength of this ideal came not from the sharply limited success 
of the philosophical systems that added flesh to these formal bones, but 
from the progress of science. Physics, since the pioneering work of New- 
ton, had grown through ever more inclusive deductive unifications. Its 
natural, almost inevitable goal seemed to be a comprehensive unification of 
fundamental physics on the basis of the fewest and most abstract concepts 
coupled to the most powerful deductive machinery. Einstein clearly mani- 
fested this ideal in his protracted and ultimately frustrated search for a 
grand unified field theory. 

In the course of the intellectual odyssey sketched here, Bohr came to 
criticize, modify, and ultimately reject such a foundationalist conception of 
human knowledge. In its place he would substitute a dialectical process 
involving an initial antithesis and later synthesis of conceptual frameworks. 
The only shared conceptual framework is the one embodied in and trans- 
mitted through ordinary language. When new experiences entailing dif- 
ferent types of information cannot be accommodated within the prevailing 
framework, it becomes necessary to break with this and develop something 
new. Eventually the new framework must so incorporate the old one that it 
can be interpreted as a rational generalization of what preceded it. This 
usually requires reinterpreting both the old and the new framework. A 
necessary, but not sufficient, condition for success is that the expanded 
framework preserve the conditions of the possibility of unambiguous com- 
munication of information concerning experimental results. 

Thus, Bohr interpreted the physics stemming from Galileo and Newton 
as the first significant step beyond the representation of reality implicit in 
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ordinary language. The next major change, in Bohr’s view, was the devel- 
opment of field theory by Faraday, Maxwell, and Hertz. This he saw as 
sharpening the relationship between causal determinism and space-time 
descriptions. It represented, in this sense, the completion of classical phys- 
ics. Relativity, in Bohr’s view, was a very significant advance, but one that 
did not essentially change the way physics is interpreted. 

Quantum physics constitutes a decisive break with classical physics pre- 
cisely because it manifests the inadequacy of the representation of reality 
provided by ordinary language plus classical physics, It can be seen as a 
rational generalization of what preceded it only by reinterpreting the sig- 
nificance of classical physics, especially in the way scientific descriptions 
are interpreted. From 1937 on, Bohr insisted that the term ‘phenomenon’ 
be used in quantum contexts to refer to observations obtained under cir- 
cumstances that included a specification of the experimental apparatus. 
This supplied the final formulation of the two principles considered earlier 
—namely, complementarity and epistemological irreducibility. Each 
atomic phenomenon is an epistemologically irreducible unit. It is, accord- 
ingly, misleading to speak of disturbing the phenomena by experiment, 
creating physical attributes through the process of measurement, or reduc- 
ing the wave packet. Such locutions imply a conceptual division of an 
epistemologically irreducible phenomenon. 

Complementarity extends the framework of ordinary language and 
classical physics in the sense that the standard language used to report 
observations suffices for quantum experiments. The technical terms used 
to supplement ordinary language do not present deep conceptual problems. 
This way of interpreting complementarity is the justification for Bohr’s 
highly controversial and widely misunderstood claim that complementar- 
ity must remain a part of all future advances in physics, He was not trying 
to freeze the progress of physics, but to specify a necessary condition for 
true progress. Complementarity, properly interpreted, represents the only 
epistemologically consistent way of giving an objective description of 
atomic and nuclear phenomena. Any further advances must ultimately be 
interpretable as rational generalizations of present physics. They must ulti- 
mately, after the ferment of further conceptual revolutions subsides, be 
formulated in such a way as to preserve the possibility of the unambiguous 
communication of information concerning experimental results and also 
incorporate the quantum of action as irreducible. Only complementarity 
meets these conditions. 

Somewhat surprisingly, Bohr’s philosophical position has a much greater 
afnity to the mainstream of ordinary language analysis than it does to 
almost any established position in the philosophy of science. The philo- 
sophical point of departure for both Bohr and the analysts is that humans 
are immersed in language. When this parallel is properly recognized and 
exploited, Bohr’s epistemology can make a contribution to contemporary 
philosophy. I believe that it can supply an initial guide for those wishing to 


For the clearest analysis of the 
conceptual principles of quantum 
mechanics we are indebted to Bohr, 
who, in particular, applied the 
concept of complementarity to inter- 
pret the validity of the quantum- 
mechanical laws. The uncertainty 
relations alone afford an instance of 
how in quantum mechanics the exact 
knowledge of one variable can 
exclude the exact knowledge of an- 
other. This complementary 
relationship between different aspects 
of one and the same physical process 
is indeed characteristic for the whole 
structure of quantum mechanics. 
Werner Heisenberg, 
Nobel Prize lecture, 1932 
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extend the methods and insights of ordinary language analysis to an analy- 
sis of the development and functioning of scientific theories, considered as 
extensions of human knowledge rather than as conceptually isolated units. 
Further advances would depend on searching criticism and on a more 
systematic presentation, decoupled from the particular problems that Bohr 
encountered. Both criticism and systematic redevelopment presuppose 
something that has rarely obtained: an understanding of Bohr’s position on 


the part of philosophers.* 
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For the occasion of Einstein’s seventieth birthday in 1949, a number of 
distinguished scientists were invited to contribute to a celebratory volume, 
Albert Einstein: Philosopher-Scientist.! Niels Bohr chose to use the opportu- 
nity to remember and record “the many occasions through the years on 
which I had the privilege to discuss with Einstein epistemological problems 
raised by the development of atomic physics.” The essay that resulted must 
be regarded as a classic of scientific literature and is of abiding interest to 
those who are truly interested in physics and in the way it develops. Under 
the title “Discussion with Einstein on Epistemological Problems in Atomic 
Physics,” Bohr opened with a review of the foundation work in quantum 
mechanics and of the contributions by Einstein, himself, and many others. 
The years that followed that initial work, between the Como conference of 
1927 and the “clash of giants” over the E-P-R paper, were the most intense 
period of the debate. The description of this period forms the core of the 
Bohr-Einstein dialogue, and it is the part that we have chosen to reproduce 
here.? 

In the excerpt, Bohr refers to two equations introduced earlier in his 
article. The first of these connects the energy E and momentum P ofa light 
quantum (photon) with its frequency v and wavelength /: 


E=hy; P=hao, (1) 


where h is Planck’s constant and o © 1/A) is the wave number. 

The second equation gives the relationship between two classical conju- 
gate variables, p and g, when expressed in the noncommutative algebra of 
early quantum mechanics: 


_h 
qp — pq =N-1 2) 
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The necessary consequence of this relationship for the limitation imposed 
on the allowed simultaneous precision of measurements of the two conju- 
gate quantities was first recognized by Werner Heisenberg, as Bohr pro- 
ceeds to recall in the narrative below. 

PJ.K. 


Be 


This phase of the development was, as is well known, initiated in 1927 by 
Heisenberg,* who pointed out that the knowledge obtainable of the state of 
an atomic system will always involve a peculiar “indeterminacy.” Thus, any 
measurement of the position of an electron by means of some device, like a 
microscope, making use of high-frequency radiation, will, according to 
the fundamental relations (1), be connected with a momentum exchange 
between the electron and the measuring agency, which is the greater the 
more accurate a position measurement is attempted. In comparing such 
considerations with the exigencies of the quantum-mechanical formalism, 
Heisenberg called attention to the fact that the commutation rule (2) im- 
poses a reciprocal limitation on the fixation of two conjugate variables, q 
and p, expressed by the relation 


Ag «Ap ~ h, (3) 


where Ag and Apare suitably defined latitudes in the determination of these 
variables. In pointing to the intimate connection between the statistical 
description in quantum mechanics and the actual possibilities of measure- 
ment, this so-called indeterminacy relation is, as Heisenberg showed, most 
important for the elucidation of the paradoxes involved in the attempts of 
analyzing quantum effects with reference to customary physical pictures. 

The new progress in atomic physics was commented upon from various 
sides at the International Physical Congress held in September 1927, at 
Como, in commemoration of Volta. In a lecture on that occasion,‘ | 
advocated a point of view conveniently termed “complementarity,” suited 
to embrace the characteristic features of individuality of quantum phenom- 
ena, and at the same time to clarify the peculiar aspects of the observational 
problem in this field of experience. For this purpose, it is decisive to 
recognize that, however far the phenomena transcend the scope of classical physi- 
cal explanation, the account of all evidence must be expressed in classical terms. The 
argument is simply that by the word “experiment” we refer to a situation 
where we can tell others what we have done and what we have learned and 
that, therefore, the account of the experimental arrangement and of the 
results of the observations must be expressed in unambiguous language 
with suitable application of the terminology of classical physics. 

This crucial point, which was to become a main theme of the discussions 
reported in the following, implies the impossibility of any sharp separation 
between the behavior of atomic objects and the interaction with the measuring 
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instruments which serve to define the conditions under which the phenomena 
appear. In fact, the individuality of the typical quantum effects finds its 
proper expression in the circumstance that any attempt of subdividing the 
phenomena will demand a change in the experimental arrangement intro- 
ducing new possibilities of interaction between objects and measuring 
instruments which in principle cannot be controlled. Consequently, evi- 
dence obtained under different experimental conditions cannot be com- 
prehended within a single picture, but must be regarded as complementary in 
the sense that only the totality of the phenomena exhausts the possible 
information about the objects. 

Under these circumstances an essential element of ambiguity is involved 
in ascribing conventional physical attributes to atomic objects, as is at once 
evident in the dilemma regarding the corpuscular and wave properties of 
electrons and photons, where we have to do with contrasting pictures, each 
referring to an essential aspect of empirical evidence. An illustrative exam- 
ple, of how the apparent paradoxes are removed by an examination of the 
experimental conditions under which the complementary phenomena ap- 
pear, is also given by the Compton effect, the consistent description of 
which at first had presented us with such acute difficulties. Thus, any 
arrangement suited to study the exchange of energy and momentum be- 
tween the electron and the photon must involve a latitude in the space-time 
description of the interaction sufhcient for the definition of wave-number 
and frequency which enter into the relation (1). Conversely, any attempt of 
locating the collision between the photon and the electron more accurately 
would, on account of the unavoidable interaction with the fixed scales and 
clocks defining the space-time reference frame, exclude all closer account as 
regards the balance of momentum and energy. 

As stressed in the lecture, an adequate tool for a complementary way of 
description is offered precisely by the quantum-mechanical formalism, 
which represents a purely symbolic scheme permitting only predictions, on 
lines of the correspondence principle, as to results obtainable under condi- 
tions specified by means of classical concepts. It must here be remembered 
that even in the indeterminacy relation (3) we are dealing with an implica- 
tion of the formalism which defies unambiguous expression in words 
suited to describe classical physical pictures. Thus, a sentence like “We 
cannot know both the momentum and the position of an atomic object” 
raises at once questions as to the physical reality of two such attributes of 
the object, which can be answered only by referring to the conditions for 
the unambiguous use of space-time concepts, on the one hand, and dynam- 
ical conservation laws, on the other hand. While the combination of these 
concepts into a single picture of a causal chain of events is the essence of 
classical mechanics, room for regularities beyond the grasp of such a de- 
scription is just afforded by the circumstance that the study of the comple- 
mentary phenomena demands mutually exclusive experimental arrange- 
ments. 
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[The Bohr-Einstein debate] was one 
of the great scientific debates in the 
history of physics, comparable, 
perhaps, only to the Newton-Leibniz 
controversy of the early eighteenth 
century. In both cases it was a clash 
of diametrically opposed philosophi- 


cal views about fundamental 


problems in physics; in both cases it 
was a clash between two of the 


greatest minds of their time. 
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Max Jammer, The Philosophy of 
Quantum Mechanics, 1974 


The necessity, in atomic physics, of a renewed examination of the foun- 
dation for the unambiguous use of elementary physical ideas recalls in some 
way the situation that led Einstein to his original revision on the basis of all 
application of space-time concepts which, by its emphasis on the primor- 
dial importance of the observational problem, has lent such unity to our 
world picture. Notwithstanding all novelty of approach, causal description 
is upheld in relativity theory within any given frame of reference, but in 
quantum theory the uncontrollable interaction between the objects and the 
measuring instruments forces us to a renunciation even in such respect. 
This recognition, however, in no way points to any limitation of the scope 
of the quantum-mechanical description, and the trend of the whole argu- 
mentation presented in the Como lecture was to show that the viewpoint 
of complementarity may be regarded as a rational generalization of the very 
ideal of causality. 


At the general discussion in Como, we all missed the presence of Einstein, 
but soon after, in October 1927, I had the opportunity to meet him in 
Brussels at the Fifth Physical Conference of the Solvay Institute, which was 
devoted to the theme “Electrons and Photons.” At the Solvay meetings, 
Einstein had from their beginning been a most prominent figure, and 
several of us came to the conference with great anticipations to learn his 
reaction to the latest stage of the development which, to our view, went far 
in clarifying the problems which he had himself from the outset elicited so 
ingeniously. During the discussions, where the whole subject was reviewed 
by contributions from many sides and where also the arguments mentioned 
in the preceding pages were again presented, Einstein expressed, however, a 
deep concern over the extent to which causal account in space and time was 
abandoned in quantum mechanics. 

To illustrate his attitude, Einstein referred at one of the sessions ° to the 
simple example, illustrated by Figure 1, of a particle (electron or photon) 
penetrating through a hole or a narrow slit in a diaphragm placed at some 
distance before a photographic plate. On account of the diffraction of the 
wave connected with the motion of the particle and indicated in the figure 
by the thin lines, it is under such conditions not possible to predict with 
certainty at what point the electron will arrive at the photographic plate, 
but only to calculate the probability that, in an experiment, the electron 
will be found within any given region of the plate. The apparent difficulty, 
in this description, which Einstein felt so acutely, is the fact that, if in the 
experiment the electron is recorded at one point (A) of the plate, then it is 
out of the question of ever observing an effect of this electron at another 
point (B), although the laws of ordinary wave propagation offer no room 
for a correlation between two such events. 

Einstein’s attitude gave rise to ardent discussions. within a small circle, in 
which Ehrenfest, who through the years had been a close friend of us both, 
took part in a most active and helpful way. Surely we all recognized that, in 
the above example, the situation presents no analogue to the application of 
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statistics in dealing with complicated mechanical systems, but rather re- 
called the background for Einstein’s own early conclusions about the uni- 
direction of individual radiation effects which contrasts so strongly with a 
simple wave picture. The discussions, however, centered on the question of 
whether the quantum-mechanical description exhausted the possibilities of 
accounting for observable phenomena or, as Einstein maintained, the anal- 
ysis could be carried further and, especially, of whether a fuller description 
of the phenomena could be obtained by bringing into consideration the 
detailed balance of energy and momentum in individual processes. 

To explain the trend of Einstein’s arguments, it may be illustrative here to 
consider some simple features of the momentum and energy balance in 
connection with the location of a particle in space and time. For this 


Bohr and Einstein deep in discussion. 
The photographs were taken by Paul 
Ehrenfest in about 1927, 


Bohr was here, and I am just as keen 
on him as you are. He is a very 
sensitive lad and goes about this 
world as if hypnotized. 
Albert Einstein to Paul Ehrentest, 
1920 
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purpose, we shall examine the simple case of a particle penetrating through 
a hole in a diaphragm without or with a shutter to open and close the hole, 
as indicated in Figures 2a and 2b, respectively. The equidistant parallel lines 
to the left in the figures indicate the train of plane waves corresponding to 
the state of motion of a particle which, before reaching the diaphragm, has 
a momentum P related to the wave-number a by the second of equations (1). 
In accordance with the diffraction of the waves when passing through the 
hole, the state of motion of the particle to the right of the diaphragm 1s 
represented by a spherical wave train with a suitably defined angular aper- 
ture @ and, in case of Figure 2b, also with a limited radial extension. 
Consequently, the description of this state involves a certain latitude Ap in 
the momentum component of the particle parallel to the diaphragm and, in 
the case of a diaphragm with a shutter, an additional latitude AE of the 
kinetic energy. 

Since a measure for the latitude Aq in location of the particle in the plane 
of the diaphragm is given by the radius a of the hole, and since @ ~ (1/aa), 
we get, using (1), just Ap ~ OP ~ (h/Aq), in accordance with the indeter- 
minacy relation (3). This result could, of course, also be obtained directly by 
noticing that, due to the limited extension of the wave-field at the place of 
the slit, the component of the wave-number parallel to the plane of the 
diaphragm will involve a latitude Ao ~ (1/a) = (1/Ag). Similarly, the spread 
of the frequencies of the harmonic components in the limited wave-train in 
Figure 2b is evidently Av ~ (1/At), where At is the time interval during 
which the shutter leaves the hole open and, thus, represents the latitude in 
time of the passage of the particle through the diaphragm. From (1), we 
therefore get 


AE -At=h, (4) 


again in accordance with the relation (3) for the two conjugated variables E 
and t. 

From the point of view of the laws of conservation, the origin of such 
latitudes entering into the description of the state of the particle after 
passing through the hole may be traced to the possibilities of momentum 
and energy exchange with the diaphragm or the shutter. In the reference 
system considered in Figures 2a and 2b, the velocity of the diaphragm may 
be disregarded and only a change of momentum Ap between the particle 
and the diaphragm needs to be taken into consideration. The shutter, 
however, which leaves the hole opened during the time At, moves with a 
considerable velocity v ~ (@/At), and a momentum transfer Ap involves 
therefore an energy exchange with the particle, amounting to vAp ~ 
(1/At)AgAp = (h/Ad), being just of the same order of magnitude as the lati- 
tude AE given by (4) and, thus, allowing for momentum and energy bal- 
ance. 

The problem raised by Einstein was now to what extent a control of the 
momentum and energy transfer, involved in a location of the particle in 
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space and time, can be used for a further specification of the state of the 
particle after passing through the hole. Here, it must be taken into consider- 
ation that the position and the motion of the diaphragm and the shutter 
have so far been assumed to be accurately coordinated with the space-time 
reference frame. This assumption implies, in the description of the state of 
these bodies, an essential latitude as to their momentum and energy which 
need not, of course, noticeably affect the velocities, if the diaphragm and 
the shutter are sufficiently heavy. However, as soon as we want to know the 
momentum and energy of these parts of the measuring arrangement with 
an accuracy sufficient to control the momentum and energy exchange with 
the particle under investigation, we shall, in accordance with the general 
indeterminacy relations, lose the possibility of their accurate location in 
space and time. We have, therefore, to examine how far this circumstance 
will affect the intended use of the whole arrangement and, as we shall see, 
this crucial point clearly brings out the complementary character of the 
phenomena. 

Returning for a moment to the case of the simple arrangement indicated 
in Figure 1, it has so far not been specified to what use it is intended. In fact, 
it is only on the assumption that the diaphragm and the plate have well-de- 
fined positions in space that it is impossible, within the frame of the 
quantum-mechanical formalism, to make more detailed predictions as to 
the point of the photographic plate where the particle will be recorded. If, 
however, we admit a sufficiently large latitude in the knowledge of the 
position of the diaphragm it should, in principle, be possible to control the 
momentum transfer to the diaphragm and, thus, to make more detailed 
predictions as to the direction of the electron path from the hole to the 
recording point. As regards the quantum-mechanical description, we have 
to deal here with a two-body system consisting of the diaphragm as well as 
of the particle, and it is just with an explicit application of conservation laws 
to such a system that we are concerned in the Compton effect where, for 
instance, the observation of the recoil of the electron by means of a cloud 
chamber allows us to predict in what direction the scattered photon will 
eventually be observed. 

The importance of considerations of this kind was, in the course of the 
discussions, most interestingly illuminated by the examination of an ar- 
rangement where between the diaphragm with the slit and the photo- 
graphic plate is inserted another diaphragm with two parallel slits, as is 
shown in Figure 3. If a parallel beam of electrons (or photons) falls from the 
left on the first diaphragm, we shall, under usual conditions, observe on the 
plate an interference pattern indicated by the shading of the photographic 
plate shown in front view to the right of the figure. With intense beams, 
this pattern is built up by the accumulation of a large number of individual 
processes, each giving rise to a small spot on the photographic plate, and the 
distribution of these spots follows a simple law derivable from the wave 
analysis. The same distribution should also be found in the statistical 
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To understand correctly the views of 
the two disputants it should be 
recalled that for Bohr these 
thought-experiments were not the 
reason but the necessary consequence 
of a much more profound truth 
underlying the quantum-mechanical 
description and, in particular, the 
uncertainty relations. Bohr 
consequently had the advantage that, 
from his point of view, he was 
justified in extending the chain of 
reasoning until he could appropri- 
ately resort to the indeterminacy re- 
lations to support his thesis. Einstein, 
on the other hand, had the advantage 
that if he could disprove the 
Heisenberg relations by a closer 
analysis of the mechanics of one sin- 
gle thought- experiment, Bohr’s 
contention of the incompatibility of 
a simultaneous causal and space-time 
description of phenomena and with 
it his whole theory would be refuted. 
Max Jammer, The Philosophy of 
Quantum Mechanics, 1974 
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account of many experiments performed with beams so faint that in a 
single exposure only one electron (or photon) will arrive at the photo- 
graphic plate at some spot, shown in the figure as a small star. Since, now, as 
indicated by the broken arrows, the momentum transferred to the first 
diaphragm ought to be different if the electron was assumed to pass through 
the upper or the lower slit in the second diaphragm, Einstein suggested that 
a control of the momentum transfer would permit a closer analysis of the 
phenomenon and, in particular, a conclusion as to which of the two slits the 
electron had passed before arriving at the plate. 

A closer examination showed, however, that the suggested control of the 
momentum transfer would involve a latitude in the knowledge of the 
position of the diaphragm which would exclude the appearance of the 
interference phenomena in question. In fact, if @ is the small angle between 
the conjectured paths of a particle passing through the upper or the lower 
slit, the difference of momentum transfer in these two cases will, according 
to (1), be equal to haw, and any control of the momentum of the diaphragm 
with an accuracy sufhcient to measure this difference will, due to the 
indeterminacy relation, involve a minimum latitude of the position of the 
diaphragm, comparable with 1/0. If, as in the figure, the diaphragm with 
the two slits is placed in the middle between the first diaphragm and the 
photographic plate, it will be seen that the number of fringes per unit 
length will be just equal to ow and, since an uncertainty in the position of 
the first diaphragm of the amount of 1/ow will cause an equal uncertainty 
in the positions of the fringes, it follows that no interference effect can 
appear. The same result is easily shown to hold for any other placing of the 
second diaphragm between the first diaphragm and the plate, and would 
also be obtained if, instead of the first diaphragm, another of these three 
bodies were used for the control, for the purpose suggested, of the momen- 
tum transfer. 

This point is of great logical consequence, since it is only the circum- 
stance that we are presented with a choice of either tracing the path of a 
particle or observing interference effects, which allows us to escape from 
the paradoxical necessity of concluding that the behavior of an electron ora 
photon should depend on the presence of a slit in the diaphragm through 
which it could be proved not to pass. We have here to do with a typical 
example of how the complementary phenomena appear under mutually 
exclusive experimental arrangements and are just faced with the impossi- 
bility, in the analysis of quantum effects, of drawing any sharp separation 
between an independent behavior of atomic objects and their interaction 
with the measuring instruments which serve to define the conditions 
under which the phenomena occur. 

Our talks about the attitude to be taken in the face of a novel situation as 
regards analysis and synthesis of experience touched naturally on many 
aspects of philosophical thinking, but, in spite of all divergencies of ap- 
proach and opinion, a most humorous spirit animated the discussions. On 
his side, Einstein mockingly asked us whether we could really believe that 
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the providential authorities took recourse to dice-playing (“ob der liebe Gott 
wiirfelt”), to which I replied by pointing at the great caution, already called 
for by ancient thinkers, in ascribing attributes to Providence in everyday 
language. I remember also how at the peak of the discussion Ehrenfest, in 
his affectionate manner of teasing his friends, jokingly hinted at the appar- 
ent similarity between Einstein’s attitude and that of the opponents of 
relativity theory; but instantly Ehrenfest added that he would not be able to 
find relief in his own mind before concord with Einstein was reached. 


Einstein’s concern and criticism provided a most valuable incentive for us 
all to reexamine the various aspects of the situation as regards the descrip- 
tion of atomic phenomena. To me it was a welcome stimulus to clarify still 
further the role played by the measuring instruments and, in order to bring 
into strong relief the mutually exclusive character of the experimental 
conditions under which the complementary phenomena appear, I tried in 
those days to sketch various apparatus in a pseudorealistic style of which the 
following figures are examples. Thus, for the study of an interference 
phenomenon of the type indicated in Figure 3, it suggests itself to use an 
experimental arrangement like that shown in Figure 4, where the solid 
parts of the apparatus, serving as diaphragms and plateholder, are firmly 
bolted to a common support. In such an arrangement, where the knowl- 
edge of the relative positions of the diaphragms and the photographic plate 
is secured by a rigid connection, it is obviously impossible to control the 
momentum exchanged between the particle and the separate parts of the 
apparatus. The only way in which, in such an arrangement, we could 
ensure that the particle passed through one of the slits in the second 
diaphragm is to cover the other slit by a lid, as indicated in the figure; but if 
the slit is covered, there is of course no question of any interference phe- 
nomenon, and on the plate we shall simply observe a continuous distribu- 
tion, as in the case of the single fixed diaphragm in Figure 1. 

In the study of phenomena in the account of which we are dealing with 
detailed momentum balance, certain parts of the whole device must natu- 
rally be given the freedom to move independently of others. Such an 
apparatus is sketched in Figure 5, where a diaphragm with a slit is suspended 
by weak springs from a solid yoke bolted to the support on which also other 
immobile parts of the arrangement are to be fastened. The scale on the 
diaphragm together with the pointer on the bearings of the yoke refer to 
such study of the motion of the diaphragm as may be required for an 
estimate of the momentum transferred to it, permitting one to draw con- 
clusions as to the deflection suffered by the particle in passing through the 
slit. Since, however, any reading of the scale, in whatever way performed, 
will involve an uncontrollable change in the momentum of the diaphragm, 
there will always be, in conformity with the indeterminacy principle, a 
reciprocal relationship between our knowledge of the position of the slit 
and the accuracy of the momentum control. 

In the same semiserious style, Figure 6 represents part of an arrangement 





Fig. 5 
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I cannot believe that the deep 
philosophical enquiry into the rela- 
tion between subject and object and 
into the true meaning of the 


distinction between them depends on 


the quantitative results of physical 
and chemical measurements with 
weighing scales, spectroscopes, 
microscopes, telescopes, with 
Geiger-Miiller counters, Wilson 
chambers, photographic plates, ar- 
rangements for measuring the 
radioactive decay, and whatnot. It is 
not very easy to say why I do not 
believe it. I feel a certain incongruity 
between the applied means and the 
problem to be solved. 
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Erwin Schrodinger, 


Science and Humanism, 1951 





suited for the study of phenomena which, in contrast to those just dis- 
cussed, involve time coordination explicitly. It consists of a shutter rigidly 
connected with a robust clock resting on the support which carries a 
diaphragm and on which further parts of similar character, regulated by the 
same clockwork or by other clocks standardized relatively to it, are also to be 
fixed. The special aim of the figure is to underline that a clock is a piece of 
machinery, the working of which can completely be accounted for by 
ordinary mechanics and will be affected neither by reading of the position 
of its hands nor by the interaction between its accessories and an atomic 
particle. In securing the opening of the hole at a definite moment, an 
apparatus of this type might, for instance, be used for an accurate measure- 
ment of the time an electron or a photon takes to come from the diaphragm 
to some other place, but evidently it would leave no possibility of control- 
ling the energy transfer to the shutter with the aim of drawing conclusions 
as to the energy of the particle which has passed through the diaphragm. If 
we are interested in such conclusions we must, of course, use an arrange- 
ment whereby the shutter devices can no longer serve as accurate clocks, but 
whereby the knowledge of the moment when the hole in the diaphragm is 
open involves a latitude connected with the accuracy of the energy mea- 
surement by the general relation (4). 

The contemplation of such more or less practical arrangements and their 
more or less fictitious use proved most instructive in directing attention to 
essential features of the problems. The main point here is the distinction 
between the objects under investigation and the measuring instruments which 
serve to define, in classical terms, the conditions under which the phenom- 
ena appear. Incidentally, we may remark that, for the illustration of the 
preceding considerations, it is not relevant that experiments involving an 
accurate control of the momentum or energy transfer from atomic particles 
to heavy bodies like diaphragms and shutters would be very difficult to 
perform, if practicable at all. It is only decisive that, in contrast to the proper 
measuring instruments, these bodies together with the particles would in 
such a case constitute the system to which the quantum-mechanical for- 
malism has to be applied. As regards the specification of the conditions for 
any well-defined application of the formalism, it is moreover essential that 
the whole experimental arrangement be taken into account. In fact, the intro- 
duction of any further piece of apparatus, such as a mirror, in the way of a 
particle might imply new interference effects essentially influencing the 
predictions as regards the results to be eventually recorded. 

The extent to which renunciation of the visualization of atomic phe- 
nomena is imposed upon us by the impossibility of their subdivision is 
strikingly illustrated by the following example, to which Einstein very early 
called attention and often has reverted. If a semireflecting mirror is placed 
in the way of a photon, leaving two possibilities for its direction of prop- 
agation, either the photon may be recorded on one, and only one, of two 
photographic plates situated at great distances in the two directions in 
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question, or else we may, by replacing the plates by mirrors, observe effects 
exhibiting an interference between the two reflected wave-trains. In any 
attempt of a pictorial representation of the behavior of the photon we 
would, thus, meet with the difficulty: to be obliged to say, on the one hand, 
that the photon always chooses one of the two ways and, on the other hand, 
that it behaves as if it had passed both ways. 

It is just arguments of this kind which recall the impossibility of subdi- 
viding quantum phenomena and reveal the ambiguity in ascribing custom- 
ary physical attributes to atomic objects. In particular, it must be realized 
that — besides in the account of the placing and timing of the instruments 
forming the experimental arrangement —all unambiguous use of space- 
time concepts in the description of atomic phenomena is confined to the 
recording of observations which refer to marks on a photographic plate or 
to similar practically irreversible amplification effects like the building of a 
water drop around an ion in a cloudchamber. Although, of course, the 
existence of the quantum of action is ultimately responsible for the proper- 
ties of the materials of which the measuring instruments are built and on 
which the functioning of the recording devices depends, this circumstance 
is not relevant for the problems of the adequacy and completeness of the 
quantum-mechanical description in its aspects here discussed. 

These problems were instructively commented upon from different sides 
at the Solvay meeting,® in the same session where Einstein raised his general 
objections. On that occasion an interesting discussion arose also about how 
to speak of the appearance of phenomena for which only predictions of a 
statistical character can be made. The question was whether, as to the 
occurrence of individual effects, we should adopt a terminology proposed 
by Dirac, that we were concerned with a choice on the part of “nature,” or, 
as suggested by Heisenberg, we should say that we have to do with a choice 
on the part of the “observer” constructing the measuring instruments and 
reading their recording. Any such terminology would, however, appear 
dubious since, on the one hand, it is hardly reasonable to endow nature with 
volition in the ordinary sense, while, on the other hand, it is certainly not 
possible for the observer to influence the events which may appear under 
the conditions he has arranged. To my mind, there is no other alternative 
than to admit that, in this field of experience, we are dealing with individ- 
ual phenomena and that our possibilities of handling the measuring in- 
struments allow us only to make a choice between the different comple- 
mentary types of phenomena we want to study. 

The epistemological problems touched upon here were more explicitly 
dealt with in my contribution to the issue of Naturwissenschaften in celebra- 
tion of Planck’s seventieth birthday in 1929. In this article, a comparison 
was also made between the lesson derived from the discovery of the univer- 
sal quantum of action and the development which has followed the discov- 
ery of the finite velocity of light and which, through Einstein’s pioneer 
work, has so greatly clarified basic principles of natural philosophy. In 





“No elementary phenomenon is a 
phenomenon until it is a registered 
phenomenon.” This summary of the 
central lesson of the quantum takes 
its two key words from Bohr. 
“Registered” as Bohr uses it means 
“brought to a close by an irreversible 
act of amplification” and “communi- 
cable in plain language.” This 
adjective, equivalent in most respects 
to “observed,” has a special feature 
as compared to that more frequently 
seen word, It explicitly denies the 
view that quantum theory rests in 
any way whatsoever on “conscious- 
ness.” The critical word, “phenome- 
non,” Bohr found himself forced to 
introduce in his discussions with 
Einstein to stress how different 
“reality” is from Einstein's “any rea- 
sonable concept of reality.” 

John A. Wheeler, “Beyond the 

Black Hole,” 1979 
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Fig. 7 


relativity theory, the emphasis on the dependence of all phenomena on the 
reference frame opened quite new ways of tracing general physical laws of 
unparalleled scope. In quantum theory, it was argued, the logical compre- 
hension of hitherto unsuspected fundamental regularities governing 
atomic phenomena has demanded the recognition that no sharp separation 
can be made between an independent behavior of the objects and their 
interaction with the measuring instruments which define the reference 
frame. 

In this respect, quantum theory presents us with a novel situation in 
physical science; but attention was called to the very close analogy with the 
situation as regards analysis and synthesis of experience, which we meet in 
many other fields of human knowledge and interest. As is well known, 
many of the difficulties in psychology originate in the different placing of 
the separation lines between object and subject in the analysis of various 
aspects of psychical experience. Actually, words like “thoughts” and “senti- 
ments,” equally indispensable to illustrate the variety and scope of con- 
scious life, are used in a similar complementary way as are space-time 
coordination and dynamical conservation laws in atomic physics. A precise 
formulation of such analogies involves, of course, intricacies of terminol- 
ogy, and the writer’s position is perhaps best indicated in a passage in the 
article, hinting at the mutually exclusive relationship which will always 
exist between the practical use of any word and attempts at its strict 
definition. The principal aim, however, of these considerations, which 
were not least inspired by the hope of influencing Einstein’s attitude, was 
to point to perspectives of bringing general epistemological problems into 
relief by means of a lesson derived from the study of new but fundamentally 
simple physical experience. 


At the next meeting with Einstein, at the Solvay conference in 1930, our 
discussions took quite a dramatic turn. As an objection to the view that a 
control of the interchange of momentum and energy between the objects 
and the measuring instruments was excluded if these instruments should 
serve their purpose of defining the space-time frame of the phenomena, 
Einstein brought forward the argument that such control should be possi- 
ble when the exigencies of relativity theory were taken into consideration. 
In particular, the general relationship between energy and mass, expressed 
in Einstein’s famous formula 


E = mc? (5) 


should allow, by means of simple weighing, to measure the total energy of 
any system and, thus, in principle to control the energy transferred to it 
when it interacts with an atomic object. 

As an arrangement suited for such purpose, Einstein proposed the device 
indicated in Figure 7, consisting of a box with a hole in its side, which could 
be opened or closed by a shutter moved by means of a clockwork within the 
box. If, in the beginning, the box contained a certain amount of radiation 
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and the clock was set to open the shutter for a very short interval at a chosen 
time, it could be achieved that a single photon was released through the hole 
at a moment known with as great accuracy as desired. Moreover, it would 
apparently also be possible, by weighing the whole box before and after this 
event, to measure the energy of the photon with any accuracy wanted, in 
definite contradiction to the reciprocal indeterminacy of time and energy 
quantities in quantum mechanics. 

This argument amounted to a serious challenge and gave rise to a thor- 
ough examination of the whole problem. At the outcome of the discussion, 
to which Einstein himself contributed effectively, it became clear, however, 
that this argument could not be upheld. In fact, in the consideration of the 
problem, it was found necessary to look more closely into the consequences 
of the identification of inertial and gravitational mass implied in the appli- 
cation of relation (5). Especially, it was essential to take into account the 
relationship between the rate of a clock and its position in a gravitational 
field — well known from the red-shift of the lines in the sun’s spectrum — 
following from Einstein’s principle of equivalence between gravity effects 
and the phenomena observed in accelerated reference frames. 

Our discussion concentrated on the possible application of an apparatus 
incorporating Einstein’s device —an apparatus drawn in Figure 8 in the 
same pseudorealistic style as some of the preceding figures. The box, of 
which a section is shown in order to exhibit its interior, is suspended in a 
spring-balance and is furnished with a pointer to read its position on a scale 
fixed to the balance support. The weighing of the box may thus be per- 
formed with any given accuracy Am by adjusting the balance to its zero 
position by means of suitable loads. The essential point is now that any 
determination of this position with a given accuracy Ag will involve a 
minimum latitude Ap in the control of the momentum of the box con- 
nected with Ag by the relation (3). This latitude must obviously again be 
smaller than the total impulse which, during the whole interval T of the 
balancing procedure, can be given by the gravitational field of a body with a 
mass Am, or 


apm 5 <T gh (6) 


where g is the gravity constant. The greater the accuracy of the reading q of 
the pointer, the longer must, consequently, be the balancing interval T, if a 
given accuracy Am of the weighing of the box with its content shall be 
obtained. 

Now, according to general relativity theory, a clock, when displaced in 
the direction of the gravitational force by an amount Aq, will change its rate 
in such a way that its reading in the course of a time interval T will differ by 
an amount AT given by the relation 


AT 1 
7 294 (7) 


Bohr used to add that he did not 
understand how Einstein could ever 
imagine that the facts which had 
found expression in quantum theory 
would contradict the invariance 
requirements to which he had given 
such a beautiful formulation by his 
principle of general relativity. This, 
however, I always felt was a 
comment post eventum. I happened to 
see Bohr on the very evening after 
he had just had the paradox 
proposed to him by Einstein and I 
can testify that he was then very far 
from such lofty considerations. 

Léon Rosenfeld, “Niels Bohr’s 
Contribution to Epistemology”, 1963 
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George Gamow’s make-believe 
apparatus for Einstein's Gedanken- 
experiment to beat the uncertainty 
relation on the product AE-At by 
weighing a box before and after the 
escape of a photon. 
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By comparing (6) and (7) we see, therefore, that after the weighing proce- 
dure there will in our knowledge of the adjustment of the clock be a latitude 


h 


c2Am— 





AT > 


Together with formula (5), this relation again leads to 
AT - AE>h, 


in accordance with the indeterminacy principle. Consequently, a use of the 
apparatus as a means of accurately measuring the energy of the photon will 
prevent us from controlling the moment of its escape. 

The discussion, so illustrative of the power and consistency of relativistic 
arguments, thus emphasized once more the necessity of distinguishing, in 
the study of atomic phenomena, between the proper measuring instru- 
ments which serve to define the reference frame and those parts which are 
to be regarded as objects under investigation and in the account of which 
quantum effects cannot be disregarded. Notwithstanding the most sugges- 
tive confirmation of the soundness and wide scope of the quantum-me- 
chanical way of description, Einstein, in a following conversation with me, 
expressed a feeling of disquietude as regards the apparent lack of firmly 
laid-down principles for the explanation of nature, on which all could 
agree. From my viewpoint, however, I could only answer that, in dealing 
with the task of bringing order into an entirely new field of experience, we 
could hardly trust in any accustomed principles, however broad, apart from 
the demand of avoiding logical inconsistencies and, in this respect, the 
mathematical formalism of quantum mechanics should surely meet all 
requirements. 

The Solvay meeting in 1930 was the last occasion where, in common 
discussions with Einstein, we could benefit from the stimulating and me- 
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diating influence of Ehrenfest; but shortly before his deeply deplored death 
in 1933 he told me that Einstein was far from satisfied and with his usual 
acuteness had discerned new aspects of the situation which strengthened 
his critical attitude. In fact, by further examining the possibilities for the 
application of a balance arrangement, Einstein had perceived alternative 
procedures which, even if they did not allow the use he originally intended, 
might seem to enhance the paradoxes beyond the possibilities of logical 
solution. Thus, Einstein had pointed out that, after a preliminary weighing 
of the box with the clock and the subsequent escape of the photon, one was 
still left with the choice of either repeating the weighing or opening the box 
and comparing the reading of the clock with the standard time scale. 
Consequently, we are at this stage still free to choose whether we want to 
draw conclusions either about the energy of the photon or about the mo- 
ment when it left the box. Without in any way interfering with the photon 
between its escape and its later interaction with other suitable measuring 
instruments, we are thus able to make accurate predictions pertaining either 
to the moment of its arrival or to the amount of energy liberated by its 
absorption. Since, however, according to the quantum-mechanical forma- 
lism, the specification of the state of an isolated particle cannot involve both 
a well-defined connection with the time scale and an accurate fixation of 
the energy, it might thus appear as if this formalism did not offer the means 
for an adequate description. 

Once more Einstein’s searching spirit had elicited a peculiar aspect of the 
situation in quantum theory, which in a most striking manner illustrated 
how far we have here transcended customary explanation of natural phe- 
nomena. Still, I could not agree with the trend of his remarks as reported by 
Ehrenfest. In my opinion, there could be no other way to deem a logically 
consistent mathematical formalism as inadequate than by demonstrating 
the departure of its consequences from experience or by proving that its 
predictions did not exhaust the possibilities of observation, and Einstein’s 
argumentation could be directed to neither of these ends. In fact, we must 
realize that in the problem in question we are not dealing with a single 
specified experimental arrangement, but are referring to two different, 
mutually exclusive arrangements. In the one, the balance, together with 
another piece of apparatus such as a spectrometer, is used for the study of 
the energy transfer by a photon; in the other, a shutter regulated by a 
standardized clock, together with another apparatus of similar kind, accu- 
rately timed relative to the clock, is used for the study of the time of 
propagation of a photon over a given distance. In both these cases, as also 
assumed by Einstein, the observable effects are expected to be in complete 
conformity with the predictions of the theory. 

The problem again emphasizes the necessity of considering the whole 
experimental arrangement, the specification of which is imperative for any 
well-defined application of the quantum-mechanical formalism. Inciden- 
tally, it may be added that paradoxes of the kind contemplated by Einstein 
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When it came to attacking a real 
problem, a serious problem of 
physics, he was marvellous to watch. 
I always felt that he moved with the 
skill of a spider in apparently empty 
space, judging accurately how much 
weight each slender thread of 
argument could bear. When he had 
explored the field, his assurance 
grew and his speech became 
vigorous and full of vivid images. I 
remember an occasion when after a 
lengthy discussion on the fundamen- 
tal problems of quantum theory a 
visitor said, “It makes me quite 
giddy to think about these problems.” 
Bohr immediately rounded on him 
and said, “But, but, but. . . if 
anybody says he can think about 
quantum theory without getting 
giddy it merely shows that he hasn't 
understood the first thing about it!” 
He never trusted a purely formal or 
mathematical argument. “No, no,” 
he would say, “You are not thinking; 
you are just being logical.” 
©. R. Frisch, 
What Little I Remember, 1979 
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are encountered also in such simple arrangements as sketched in Figure 5. In 
fact, after a preliminary measurement of the momentum of the diaphragm, 
we are in principle offered the choice, when an electron or photon has 
passed through the slit, either to repeat the momentum measurement or to 
control the position of the diaphragm and, thus, to make predictions per- 
taining to alternative subsequent observations. It may also be added that it 
obviously can make no difference, as regards observable effects obtainable 
by a definite experimental arrangement, whether our plans of constructing 
or handling the instruments are fixed beforehand or whether we prefer to 
postpone the completion of our planning until a later moment when the 
particle is already on its way from one instrument to another. 

In the quantum-mechanical description, our freedom of constructing 
and handling the experimental arrangement finds its proper expression in 
the possibility of choosing the classically defined parameters entering in 
any proper application of the formalism. Indeed, in all such respects quan- 
tum mechanics exhibits a correspondence with the state of affairs familiar 
from classical physics—a correspondence which is as close as possible, 
considering the individuality inherent in the quantum phenomena. Just in 
helping to bring out this point so clearly, Einstein’s concern had therefore 
again been a most welcome incitement to explore the essential aspects of the 
situation. 


The next Solvay meeting, in 1933, was devoted to the problems of the 
structure and properties of atomic nuclei, in which field such great ad- 
vances were made just in that period due to the experimental discoveries as 
well as to new fruitful applications of quantum mechanics. It need in this 
connection hardly be recalled that the evidence obtained by the study of 
artificial nuclear transformations gave a most direct test of Einstein’s fun- 
damental law regarding the equivalence of mass and energy, which was to 
prove an evermore important guide for researches in nuclear physics. It may 
also be mentioned how Einstein’s intuitive recognition of the intimate 
relationship between the law of radioactive transformations and the proba- 
bility rules governing individual radiation effects was confirmed by the 
quantum-mechanical explanation of spontaneous nuclear disintegrations. 
In fact, we are here dealing with a typical example of the statistical mode of 
description, and the complementary relationship between energy-momen- 
tum conservation and time-space coordination is most strikingly exhibited 
in the well-known paradox of particle penetration through potential bar- 
riers. 

Einstein himself did not attend this meeting, which took place at a time 
darkened by the tragic developments in the political world which were to 
influence his fate so deeply and add so greatly to his burdens in the service 
of humanity. A few months earlier, on a visit to Princeton — where Ein- 
stein was then guest of the newly founded Institute for Advanced Study, to 
which he soon became permanently attached —I had, however, opportu- 
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nity to talk with him again about the epistemological aspects of atomic 
physics; but the difference between our ways of approach and expression 
still presented obstacles to mutual understanding. While, so far, relatively 
few persons had taken part in the discussions reported in this article, 
Einstein’s critical attitude toward the views on quantum theory adhered to 
by many physicists was soon after brought to public attention through a 
paper with the title “Can Quantum-Mechanical Description of Physical 
Reality Be Considered Complete?” which was published in 1935 by Ein- 
stein, Podolsky, and Rosen.’ 

The argumentation in this paper is based ona criterion which the authors 
express in the following sentence: “If, without in any way disturbing a 
system, we can predict with certainty (i.e., with probability equal to unity) 
the value of a physical quantity, then there exists an element of physical 
reality corresponding to this physical quantity.” By an elegant exposition of 
the consequences of the quantum-mechanical formalism as regards the 
representation of a state of a system, consisting of two parts which have 
been in interaction for a limited time interval, it is next shown that differ- 
ent quantities, the fixation of which cannot be combined in the representa- 
tion of one of the partial systems, can nevertheless be predicted by measure- 
ments pertaining to the other partial system. According to their criterion, 
the authors therefore conclude that quantum mechanics does not “provide a 
complete description of the physical reality,” and they express their belief 
that it should be possible to develop a more adequate account of the phe- 
nomena. 

Due to the lucidity and apparently incontestable character of the argu- 
ment, the paper of Einstein, Podolsky, and Rosen created a stir among 
physicists and has played a large role in general philosophical discussion. 
Certainly the issue is of a very subtle character and suited to emphasize how 
far, in quantum theory, we are beyond the reach of pictorial visualization. 
It will be seen, however, that we are here dealing with problems of just the 
same kind as those raised by Einstein in previous discussions, and, in an 
article which appeared a few months later,® I tried to show that from the 
point of view of complementarity the apparent inconsistencies were com- 
pletely removed. The trend of the argumentation was in substance the same 
as that exposed in the foregoing pages, but the aim of recalling the way in 
which the situation was discussed at that time may be an apology for citing 
certain passages from my article. 

Thus, after referring to the conclusions derived by Einstein, Podolsky, 
and Rosen on the basis of their criterion, I wrote: 


Such an argumentation, however, would hardly seem suited to affect the 
soundness of quantum-mechanical description, which is based on a 
coherent mathematical formalism covering automatically any procedure 
of measurement like that indicated. The apparent contradiction in fact 
discloses only an essential inadequacy of the customary viewpoint of 


Dear Einstein: It seems to me that 
the concept of probability is terribly 
mishandled these days. Probability 
surely has as its substance a statement 
as to whether something is or is not 
the case —an uncertain statement, to 
be sure. But nevertheless it has 
meaning only if one is indeed con- 
vinced that the something in 
question quite definitely either is or 
is not the case. A probabilistic 
assertion presupposes the full reality 
of its subject. No reasonable person 
would express a conjecture as to 
whether Caesar rolled a five with his 
dice at the Rubicon. But the 
quantum-mechanics people some- 
times act as if probabilistic statements 
were to be applied just to events 
whose reality is vague. 

Erwin Schrédinger to Albert 

Einstein, 18 November 1950 
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natural philosophy for a rational account of physical phenomena of the 
type with which we are concerned in quantum mechanics. Indeed the 
finite interaction between object and measuring agencies conditioned by the 
very existence of the quantum of action entails — because of the impos- 
sibility of controlling the reaction of the object on the measuring instru- 
ments, if these are to serve their purpose—the necessity of a final 
renunciation of the classical ideal of causality and a radical revision of 
our attitude toward the problem of physical reality. In fact, as we shall 
see, a criterion of reality like that proposed by the named authors 
contains — however cautious its formulation may appear —an essential 
ambiguity when it is applied to the actual problems with which we are 
here concerned. 


As regards the special problem treated by Einstein, Podolsky, and Rosen, 
it was next shown that the consequences of the formalism as regards the 
representation of the state of a system consisting of two interacting atomic 
objects correspond to the simple arguments mentioned in the preceding in 
connection with the discussion of the experimental arrangements suited 
for the study of complementary phenomena. In fact, although any pair, q 
and p, of conjugate space and momentum variables obeys the rule of non- 
commutative multiplication expressed by (2), and can thus only be fixed 
with reciprocal latitudes given by (3), the difference q, — q2 between two 
space coordinates referring to the constituents of the system will commute 
with the sum p, + p2 of the corresponding momentum components, as 
follows directly from the commutability of q, with p, and of q, with p,. 
Both q,; — q2 and p, + p2 can, therefore, be accurately fixed in a state of the 
complex system and, consequently, we can predict the values of either q, or 
p; if either q2 or p2, respectively, are determined by direct measurements. If, 
for the two parts of the system, we take a particle and a diaphragm, like that 
sketched in Figure 5, we see that the possibilities of specifying the state of 
the particle by measurements on the diaphragm just correspond to the 
situation described earlier in this essay, where it was mentioned that, after 
the particle has passed through the diaphragm, we have in principle the 
choice of measuring either the position of the diaphragm or its momentum 
and, in each case, must make predictions as to subsequent observations 
pertaining to the particle. As repeatedly stressed, the principal point is here 
that such measurements demand mutually exclusive experimental arrange- 
ments. 

The argumentation of the article was summarized in the following 
passage: 


From our point of view we now see that the wording of the above-men- 
tioned criterion of physical reality proposed by Einstein, Podolsky, and 
Rosen contains an ambiguity as regards the meaning of the expression 
“without in any way disturbing a system.” Of course there is, in a case 
like that just considered, no question of a mechanical disturbance of the 
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system under investigation during the last critical stage of the measuring 
procedure. But even at this stage there is essentially the question of an 
influence on the very conditions which define the possible types of predictions 
regarding the future behavior of the system. Since these conditions constitute 
an inherent element of the description of any phenomenon to which the 
term “physical reality” can be properly attached, we see that the argu- 
mentation of the mentioned authors does not justify their conclusion that 
quantum-mechanical description is essentially incomplete. On the con- 
trary, this description, as appears from the preceding discussion, may be 
characterized as a rational utilization of all possibilities of unambiguous 
interpretation of measurements, compatible with the finite and uncon- 
trollable interaction between the objects and the measuring instruments 
in the field of quantum theory. In fact, it is only the mutual exclusion of 
any two experimental procedures, permitting the unambiguous defini- 
tion of complementary physical quantities, which provides room for new 
physical laws, the coexistence of which might at first sight appear irrec- 
oncilable with the basic principles of science. It is just this entirely new 
situation as regards the description of physical phenomena that the no- 
tion of complementarity aims at characterizing. 


Rereading these passages, I am deeply aware of the inefficiency of ex- 
pression which must have made it very difficult to appreciate the trend of 
the argumentation aiming to bring out the essential ambiguity involved ina 
reference to physical attributes of objects when dealing with phenomena 
where no sharp distinction can be made between the behavior of the objects 
themselves and their interaction with the measuring instruments. I hope, 
however, that the present account of the discussions with Einstein in the 
foregoing years, which contributed so greatly to making us familiar with 
the situation in quantum physics, may give a clearer impression of the 
necessity of a radical revision of basic principles for physical explanation in 
order to restore logical order in this field of experience. 

Einstein’s own views at that time are presented in an article entitled 
“Physics and Reality,” published in 1936 in the Journal of the Franklin Insti- 
tute.? Starting from a most illuminating exposition of the gradual develop- 
ment of the fundamental principles in the theories of classical physics and 
their relation to the problem of physical reality, Einstein here argues that the 
quantum-mechanical description is to be considered merely as a means of 
accounting for the average behavior of a large number of atomic systems, 
and his attitude to the belief that it should offer an exhaustive description of 
the individual phenomena is expressed in the following words: “To believe 
this is logically possible without contradiction; but it is so very contrary to 
my scientific instinct that I cannot forgo the search for a more complete 
conception.” 

Even if such an attitude might seem well-balanced in itself, it neverthe- 
less implies a rejection of the whole argumentation exposed in the preced- 
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No more profound intellectual 
debate has ever been conducted — 
and, since they were both men of the 
loftiest spirit, it was conducted with 
noble feeling on both sides. If two 
men are going to disagree, on the 
subject of most ultimate concern 
to them both, then that is the way to 
do it. 
C. P. Snow, 
Variety of Men, 1967 
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ing, aiming to show that, in quantum mechanics, we are not dealing with 
an arbitrary renunciation of a more detailed analysis of atomic phenomena, 
but with a recognition that such an analysis is in principle excluded. The 
peculiar individuality of the quantum effects presents us, as regards the 
comprehension of well-defined evidence, with a novel situation unforeseen 
in classical physics and irreconcilable with conventional ideas suited for our 
orientation and adjustment to ordinary experience. It is in this respect that 
quantum theory has called for a renewed revision of the foundation for the 
unambiguous use of elementary concepts, as a further step in the develop- 
ment which, since the advent of relativity theory, has been so characteristic 
of modern science. 


[After a brief discussion of developments subsequent to 1936, Bohr concluded his 
account with the following remarks.] 


The discussions with Einstein which have formed the theme of this 
article have extended over many years which have witnessed great progress 
in the field of atomic physics. Whether our actual meetings have been of 
short or long duration, they have always left a deep and lasting impression 
on my mind, and when writing this report I have, so to say, been arguing 
with Einstein all the time even when entering on topics apparently far 
removed from the special problems under debate at our meetings. As re- 
gards the account of the conversations, I am, of course, aware that I am 
relying only on my own memory, just as I am prepared for the possibility 
that many features of the development of quantum theory, in which Ein- 
stein has played so large a part, may appear to himself in a different light. I 
trust, however, that I have not failed in conveying a proper impression of 
how much it has meant to me to be able to benefit from the inspiration 
which we all derive from every contact with Einstein. 





A Bolt From the Blue: 
The E-P-R Paradox 


N. David Mermin 


Fifty years ago Einstein, Podolsky, and Rosen published a striking argu- 
ment that quantum theory provides only an incomplete description of 
physical reality — that is, that some elements of physical reality fail to have 
a counterpart in quantum-theoretical description. What made this a chal- 
lenge to the quantum-theoretical Weltanschauung was the very mild charac- 
ter of the sufficient condition for the reality of a physical quantity on which 
their argument hinged: “If, without in any way disturbing a system, we can 
predict with certainty the value of a physical quantity, then there exists an 
element of physical reality corresponding to this physical quantity.” The 
argument consists in pointing out that it is possible to construct a quan- 
tum-mechanical state y with the following properties: 

1. The state y describes two noninteracting systems (I and II). In almost 
all discussions the two systems are taken to be two particles, and the 
absence of relevant interaction is built in by taking y to assign negligible 
probability to finding the particles closer together than some macroscopi- 
cally large distance. 

2. By measuring an observable A of system I, one can predict with cer- 
tainty the result of a subsequent measurement of a corresponding observ- 
able P of system II. 

3. If, instead, one chooses to measure a different observable B of system I, 
one can predict with certainty the result of a subsequent measurement of a 
corresponding observable Q of system II. 

4. The observables P and Q are represented in quantum theory by 
noncommuting operators, which means that they cannot both have defi- 
nite values. Einstein, Podolsky, and Rosen give an example in which P and 
Q are the position and momentum of particle II along a given direction, 
and it is in terms of this example that Bohr’s reply is formulated. Subse- 
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quently, David Bohm gave a very simple and clearcut example in which P 
and Q are distinct components of the intrinsic angular momentum of a 
spinning particle. In recent experiments by Alain Aspect and his col- 
leagues, they are the linear polarization of a photon along distinct nonper- 
pendicular directions.° 

The route to the E-P-R conclusion is straightforward. Because the sys- 
tems do not interact, the measurements on system I can be made “without 
in any way disturbing” system II. Therefore, the values of P and Q are both 
elements of reality. But the quantum-mechanical description of reality 
given by the wave function y does not assign definite values to P and Q, 
Therefore, the wave function does not provide a complete description of 
reality. 

The E-P-R article appeared in the Physical Review on 15 May 1935. 
According to Léon Rosenfeld, 


this onslaught came down upon us as a bolt from the blue. Its effect on 
Bohr was remarkable . . . Anew worry could not come ata less propi- 
tious time. Yet, as soon as Bohr had heard my report of Einstein’s 
argument, everything else was abandoned . . . In great excitement, 
Bohr immediately started dictating to me the outline of . . . a reply. 
Very soon, however, he became hesitant: “No, this won’t do, we must try 
all overagain . . . we must make it quite clear . . .” Soit went on fora 
while, with growing wonder at the unexpected subtlety of the argu- 
ment . . . The next morning he at once took up the dictation again, 
and I was struck by a change in the tone of the sentences: there was no 
trace in them of the previous day’s sharp expressions of dissent, As I 
pointed out to him that he seemed to take a milder view of the case, he 
smiled: “That’s a sign,” he said, “that we are beginning to understand the 
problem.”* 


Bohr’s reply appeared in the Physical Review five months later, with 
exactly the same title as that used by Einstein, Podolsky, and Rosen: “Can 
Quantum-Mechanical Description of Physical Reality be Considered 
Complete?” He remarks that the E-P-R argument can 


hardly seem suited to affect the soundness of quantum-mechanical de- 
scription, which is based on a coherent mathematical formalism covering 
automatically any procedure of measurement like that indicated. The 
apparent contradiction in fact discloses only an essential inadequacy of 
the customary viewpoint of natural philosophy for a rational account of 
physical phenomena of the type with which we are concerned in quan- 
tum mechanics . . . A criterion of reality like that proposed by the 
named authors contains — however cautious its formulation may appear 
— an essential ambiguity when it is applied to the actual problems with 
which we are here concerned . . . 

[This ambiguity] regards the meaning of the expression “without in 


any way disturbing a system.” Of course there is in a case like that just 
considered no question of a mechanical disturbance of the system under 
investigation during the last critical stage of the measuring procedure. 
But even at this stage there is essentially the question of an influence on the 
very conditions which define the possible types of predictions regarding the future 
behavior of the system. Since these conditions constitute an inherent ele- 
ment of the description of any phenomenon to which the term “physical 
reality” can be properly attached, we see that the argumentation of the 
mentioned authors does not justify their conclusion that quantum-me- 
chanical description is essentially incomplete. On the contrary, this de- 
scription . . . may be characterized as a rational utilization of all possi- 
bilities of unambiguous interpretation of measurements, compatible 
with the finite and uncontrollable interaction between the objects and 
the measuring instruments in the field of quantum theory. In fact, it is 
only the mutual exclusion of any two experimental procedures, permit- 
ting the unambiguous definition of complementary physical quantities, 
which provides room for new physical laws, the coexistence of which 
might at first sight appear irreconcilable with the basic principles of 
science.° 


At the end of their article, Einstein, Podolsky, and Rosen anticipate some 
aspects of this reply: 

One could object to this conclusion on the ground that our criterion of 
reality is not sufficiently restrictive. Indeed, one would not arrive at our 
conclusion if one insisted that two or more physical quantities can be 
regarded as simultaneous elements of reality only when they can be simulta- 
neously measured or predicted. On this point of view, since either one or the 
other, but not both simultaneously, of the quantities P and Q can be 
predicted, they are not simultaneously real. This makes the reality of P 
and Q depend upon the process of measurement carried out on the first 
system, which does not disturb the second system in any way. No reason- 
able definition of reality could be expected to permit this. 


One of the central points at issue is what it means to “disturb” some- 
thing. I learned my quantum metaphysics primarily through the writings 
of Heisenberg. As I understood it, the unavoidable, uncontrollable distur- 
bances accompanying a measurement were local, “mechanical,” and not 
especially foreign to naive classical intuition (photons bumping into elec- 
trons in the course of a position measurement — that sort of thing). When I 
read the E-P-R paper (in the late 1950s), it gave me a shock. Bohr’s casual 
extension of Heisenberg’s straightforward view of a “disturbance” seemed 
to me radical and bold. That most physicists were not, apparently, shocked 
at the time —that Bohr was generally and immediately viewed as having 
once again set things straight—surprised and perplexed me. Until I 
learned about J. S. Bell’s 1964 paper, “On the Einstein-Podolsky-Rosen 
Paradox,” I must confess to having been on Einstein’s side of the dispute.® 
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Dear Schrédinger: You are the only 
contemporary physicist, besides 
Laue, who sees that one cannot get 
around the assumption of reality —if 
only one is honest. Most of them 
simply do not see what sort of risky 
game they are playing with 
reality —reality as something 
independent of what is experimen- 
tally established. They somehow 
believe that the quantum theory pro- 
vides a description of reality, and 
even a complete description. 
Albert Einstein to Erwin 
Schrédinger, 22 December 1950 
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Current attitudes toward the E-P-R argument and Bell’s simple but 
remarkable analysis vary widely. Physicists today are by and large immune 
to worries about the meaning of quantum mechanics, and quite oblivious, 
or, if it is brought forcefully to their attention, indifferent to the intense 
interest the subject still generates among a few. Thus, Abraham Pais, in his 
biography of Einstein, expresses the prevailing opinion by suggesting that 
the E-P-R paper will ultimately be of interest only for the insight it reveals 
into Einstein’s state of mind (through the phrase “no reasonable definition 
of reality could be expected to permit this”).’? There is a rather different 
minority view, of which perhaps the most extreme example is Stapp’s 
opinion that Bell’s analysis of the E-P-R paper constitutes “the most pro- 
found discovery of science.”® 

Before Bell's paper, the grounds for dismissing the E-P-R argument were 
entirely metaphysical. Pauli, for example, tried to explain to Born in 1954 
that the only reason for rejecting Einstein’s views was that “one should no 
more rack one’s brains about the problem of whether something one cannot 
know anything about exists all the same than about the ancient question of 
how many angels are able to sit on the point of a needle. But it seems to me 
that Einstein’s questions are ultimately always of this kind.”? Bell trans- 
formed the issue by showing that the E-P-R position was inconsistent with 
the quantitative numerical predictions of the quantum theory and therefore 
susceptible to direct experimental test. 

How can one demonstrate that “something one cannot know anything 
about” cannot exist? It turns out to be quite simple. Add to the E-P-R 
observables A and B of system I a third observable, C, and let the corre- 
sponding observables for system II be P, Q, and R. Suppose a measurement 
of any one of these six observables can have only two outcomes. We can 
label the outcomes “yes” and “no” and regard the observables as questions. 
Suppose the pair of observables A and P invariably yield the same answers, 
as do the pair B and Q, and the pair C and R, so that by measuring the 
corresponding system I observable “one can predict with certainty the 
result of a subsequent measurement” of the corresponding system II ob- 
servable, or vice versa. Einstein, Podolsky, and Rosen would then conclude 
that the answers to P, Q, R, A, B, and Care all elements of reality, even when 
it is physically impossible to measure more than a single one of the observ- 
ables A, B, and C, or more than one of P, Q, and R. 

But now suppose that whenever one asked the questions associated with 
any other pair of observables (that is, the pairs AQ, AR, BP, BR, CQ, CP), 
the answers invariably differed. The answer to P would then always be the 
same as the answer to A but always opposite to the answers to B and C; thus, 
B and C would always have the same answer, which would always be 
opposite to the answer to A. On the other hand, since the answer to Q 
would always be opposite to the answers to A and C, the answers to A and C 
would always have to be the same. 

Thus, on the one hand A and C would always have to have different 
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answers, but on the other hand they would always have to have the same 
answers. The only conclusion, contrary to the E-P-R conclusion, is that 
the answers to all six questions cannot all be elements of reality. 

Bell’s argument differs from this in only one respect. He considers a 
version (Bohm’s) of the E-P-R experiment in which the state of affairs is 
exactly as described above except that (in one particularly simple case)" the 
six pairs of questions that fail to always agree do not disagree all the time, 
but only three times out of four. This is still enough to establish that all the 
answers cannot exist, though the discussion now acquires a statistical char- 
acter. The answer to P remains always the same as the answer to A, but it is 
now opposite to the answer to B and C only three-fourths of the time (not 
necessarily the same three-fourths). Evidently A and C (or A and B) can then 
agree only one-fourth of the time. A little thought reveals that, in addition, 
Band C must have the same answers at least half the time. If this reasoning 
is repeated, starting with a consideration of the answer Q, however, the step 
requiring a little thought now leads to the conclusion that A and C must 
have the same answers at least half the time. 

We have again arrived at a contradiction: on the one hand A and C can 
agree only one-fourth of the time, but on the other hand they must agree at 
least half the time. The inescapable conclusion is that all six questions 
cannot have answers. 

Thus, if the quantum theory is correct in its quantitative predictions for 
this type of E-P-R experiment, then the E-P-R conclusion is untenable even 
for people who reject, or fail fully to grasp, the notion of complementarity. 
Even a neutralist position like Pauli’s must be abandoned. That quantum- 
theoretical predictions are correct in precisely this context has been conclu- 
sively demonstrated in the elegant series of experiments by Aspect and his 
colleagues, mentioned above. 

In the Aspect experiments, systems I and II are a pair of photons, emitted 
by a calcium atom in a radiative cascade after appropriate pumping by 
lasers. The observables A, B, C, . . . Q€nd BR Q,R, . . .) are the linear 
polarization of photon I (and photon II) along various directions — that is, 
the question, for a given photon and a given direction, is whether the 
photon is polarized along (‘‘yes”) or perpendicular to (“no”) that direction. 
The initial and final atomic states have spherical symmetry, as a conse- 
quence of which quantum theory predicts (and experiment confirms) that 
the photons will behave in the same way if their polarizations are measured 
along the same directions. But if the two polarizations are measured along 
directions 120 degrees apart, then quantum theory predicts (and experi- 
ment confirms) that the photons will behave in the opposite way three- 
fourths of the time. (Aspect et al. were interested in a somewhat modified 
version of Bell’s argument in which the angles of greatest interest were 
multiples of 22.5 degrees, but they collected data for many different angles.) 

This is a precise realization of the experiment used above to illustrate 
Bell’s analysis, and the fact that the experiment confirmed the quantum- 
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theoretical predictions to within a few percent establishes that the E-P-R 
reality criterion is not valid. 

There are some remarkable features to these experiments. The two 
polarization analyzers were placed as far as thirteen meters apart without 
any noticeable change in the results, thereby effectively eliminating the 
possibility that the strange quantum correlations might somehow diminish 
as the distance between I and II grew to macroscopic dimensions. At such a 
distance it is hard to deny that the polarization measurement of photon I is 
made “without in any way disturbing” photon II, in the sense of Bohr’s 
“mechanical disturbance of the system under investigation during the last 
critical stage of the measuring procedure.” Indeed, at this large separation, 
a hypothetical disturbance originating when one photon passed through its 
analyzer could not reach the other analyzer in time to affect the outcome of 
the second polarization measurement, even if it traveled at the fastest 
possible speed (the speed of light). 

In the third of the Aspect papers, the feasibility of bizarre conspiracy 
theories, designed to salvage the E-P-R reality criterion, is considerably 
diminished by the use of an ingenious mechanism for the extremely rapid 
switching of the directions along which the two photon polarizations are 
measured, The two switching rates are different, uncorrelated, and so high 
that several changes are made even during the very short time it would take 
a signal traveling at the speed of light to reach from one analyzer to the 
other. Thus, if one takes the view that the “reality” of the polarization of 
photon I along a given direction depends on the choice of directions along 
which the polarization of photon II is measured, then that “reality” must be 
transmitted at superluminal speeds. No reasonable definition of reality 
could be expected to permit this. 

Einstein surely would have found these experiments shocking. In 1948 he 
observed that an entirely appropriate response to the E-P-R experiment by 
“those physicists who regard the descriptive methods of quantum me- 
chanics as definitive in principle” would be to 


drop the requirement for the independent existence of physical reality 
present in different parts of space; they would be justified in pointing out 
that the quantum theory nowhere makes explicit use of this requirement. 

I admit this, but would point out: when I consider the physical phe- 
nomena known to me, and especially those which are being so success- 
fully encompassed by quantum mechanics, I still cannot find any fact 
any where which would make it appear likely that [this] requirement will 
have to be abandoned." 


The Aspect experiments provide such facts. They would not have sur- 
prised Bohr, but although some physicists today might regard them as no 
more than an extremely complicated confirmation of Malus’s classical law, 
they surely would have pleased and interested him. Combined with Bell’s 
elementary analysis they provide a simple, direct, and compelling demon- 
stration of complementarity in one of its most dramatic manifestations. 
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Can Quantum-Mechanical Description of Physical Reality Be Considered Complete? 


A. Fuwsrers, 0. Pomosey aso N. Rosh, fastuule for Advomerd Study, Princeton, New Jersey 
iRecewed Match 25, 1935) 


in a complete theory there is an clement corresponding 

to each element of reality. A. sufficient coniitton for the 
reality of a physical quantity is the possibility of predicting 

it with, certainty, without disturbing the system. In 
quantum mechanics in the case of two physical quantities 
described by non-commuting operators, the knowledge of 

| one precludes the knowledge of the other. Then either (1) 
| the desoriptinn of reality given by the wave function im 


quantum mechanics is not complete or (2) these two 
(UAL Connot have simultaneous reality, Consideration 
of the problem of making predictions concerning a systern 
on the basis of measurementa made on another ayatem that 
had previously interacted with it lewds to the result that il 
(1) in false then (2) in alao false, One is thus led to conclude 
that the description of reality as given by a wave fonction 
is not conmpbepe. 
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Delayed-Choice Experiments 


P. J. Kennedy 


P. J. Kennedy, author of the brief bi- 
ography that appears at the begin- 
ning of this volume, here describes 
some remarkable recent tests of 


Bohr’s basic ideas in quantum theory. 
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The underlying meaning to be attributed to quantum theory has been the 
subject of discussion — and, indeed, of controversy — ever since the theory 
was first formulated. These discussions, largely initiated by Bohr and 
Einstein in the 1920s and 1930s (see “The Bohr-Einstein Dialogue”), have 
remained lively ever since. In recent times the controversy has received new 
impetus from a set of exciting experiments, or proposed experiments, 
which have been made possible by advances in measurement techniques in 
the 1980s and which will facilitate experimental investigation of some of 
the apparent paradoxes that have featured so prominently in the long 
argument. 

In Bohr’s account of his dialogue with Einstein, there are two passages of 
special interest concerning the two-slit interference experiment, as well asa 
particular variant suggested by Einstein: 


The extent to which renunciation of the visualization of atomic phe- 
nomena is imposed upon us by the impossibility of their subdivision is 
strikingly illustrated by the following example, to which Einstein very 
early called attention and often has reverted. If a semireflecting mirror is 
placed in the way of a photon, leaving two possibilities for its direction of 
propagation, the photon may either be recorded on one, and only one, of 
two photographic plates situated at great distances in the two directions 
in question, or else we may, by replacing the plates by mirrors, observe 
effects exhibiting an interference between the two reflected wave-trains. 
In any attempt of a pictorial representation of the behavior of the photon 
we would, thus, meet with the difficulty: to be obliged to say, on the one 
hand, that the photon always chooses one of the two ways and, on the 
other hand, that it behaves as if it had passed both ways. 


Delayed-Choice Experiments 





It is just arguments of this kind which recall the impossibility of 
subdividing quantum phenomena and reveal the ambiguity in ascribing 
customary physical attributes to atomic objects.’ 


This quotation, which is concerned with the complementary attributes of a 
quantum-mechanical phenomenon, emphasizes the element of choice 
which exists in deciding on the final irreversible registration of the phe- 
nomenon in a particular apparatus. Einstein had suggested a “prototype” 
experiment in which a dilemma appears to arise in choosing between 
observation of direction (one path) and phase (both paths). 


In the same essay, Bohr made a deeply perceptive comment: 


It may also be added that it obviously can make no difference as regards 
observable effects obtainable by a definite experimental arrangement, 
whether our plans of constructing or handling the instruments are fixed 
beforehand or whether we prefer to postpone the completion of our 
planning until a later moment when the particle is already on its way 
from one instrument to another. 


Evidently Bohr discerned, very early in the dialogue, that this choice be- 
tween complementary modes of registration need not be made until the 
transit of the particle through an apparatus is almost complete; or, in the 
language of Einstein’s experiment, until after the photon appears to have 
chosen to travel one way or both ways. 

Delayed- choice experiments, as they are now known, have been dis- 
cussed in several articles by J. A. Wheeler.” Such experiments are intended 
to exemplify the apparent paradox of the Bohr-Einstein dialogue and, even 
if they served only to illustrate or dramatize the epistemological dilemma 
there revealed, they would be of great interest. In fact, some of them can 
offer a quantitative and measurable distinction between the predictions of 
quantum theory and those of other local (hidden) variable theories, and so 
are of even greater philosophical importance. 

One such experiment, in which two photons, created in a single atomic 
event, are allowed to separate spatially before registration, has been de- 
scribed in the previous chapter by David Mermin. In that experiment, 
devised by Aspect and his colleagues, the delayed choice of the setting of the 
registration apparatus was made during the time of flight of the two 
photons. In later experiments, it is arranged that the setting of one register 
cannot be causally connected to the second distant register (other than by a 
superluminal or other exceptional mechanism) before that register is acti- 
vated by the arriving photon. Mermin has described how such an experi- 
ment may be interpreted in terms of Bell’s theorem and that it gives results 
in close quantitative agreement with the predictions of quantum mechan- 
ics. The prototype single-particle, two-mirror experiment, as envisaged 
by Einstein, forms the basis of several current investigations (see the simpli- 
fied diagrams). The diagrams could illustrate the working of an inter- 
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Basic arrangements for delayed- 
choice experiments: above, using 
movable detectors; below, using a re- 
movable half-silvered mirror (Mp). 
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ferometer in a normal way, with a strong source S; the beam is split at the 
half-silvered mirror M, and recombined at the half-silvered mirror M,. A 
choice between registering direction (which path) or phase interference 
(both paths) can be made by moving the detectors D,’ and D,’ to positions 
D, and D, in the upper drawing, or by removing or inserting M, in the 
lower drawing. When the intensity of the source is so reduced that only one 
photon may be considered to be in transit in the apparatus at a given 
moment, we meet the well known difficulty of description that Einstein 
remarked upon. The photon appears to travel on one path or on both paths, 
according to the type of registration chosen. If, in addition, this choice is 
delayed until the photon is between M, and M,, and if the choice is made 
randomly, then the “pictorial representation of the behavior of the photon” 
is even more difficult. 

This apparently simple prescription is not easy to achieve technically, but 
there are two possible approaches. In one, photons with transit times of a 
few nanoseconds (1 nanosecond = 10~? second) are used, and the random 
choice of registration is made by very fast switching. In the other method, 
ultracold neutrons with transit times of the order of tenths of a second are 
used, and the time problems of the delayed random choice are thereby 
reduced. 

The first type of experiment may be exemplified by the work of C. O. 
Alley and his colleagues.? Here 100-picosecond pulses (1 picosecond = 
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10~ second) from a laser enter the apparatus through an attenuator, such 
that some 10° quanta arrive singly over a period of twenty-four hours. The 
path between the beam splitter M, and the beam recombiner Mj is about 4.5 
meters, which is long when compared with the quantum wave packet. If the 
upper path of the interferometer is blocked, the information recorded after 
M, will be concerned with the path of the photon; but if both paths are 
open, the information gained will concern the phase of arrival. The exper- 
iment is thus close to that proposed by Einstein. The random delayed 
decision to block or unblock the upper path is made using a fast-acting 
Pockels cell (~ 10 nanoseconds) during the period that the photon is between 
M, and M3. As an additional experimental variable, a second Pockels cell, 
working in a different mode, introduces a controlled phase shift into the 
lower path. The whole experiment is susceptible of analysis in terms of the 
count rates predictable by quantum mechanics. The first results of the 
experiment support Bohr’s contentions that they should not depend on the 
time at which the type of registration is chosen, and that, between the time 
the photon enters the apparatus and the time the actual mode of registra- 
tion of an amplified signal is activated, no specific space-time trajectory 
can be assigned to the photon — it behaves as a “smoky dragon.” 

The alternative approach, in which ultracold neutrons are used as the 
“elementary quantum phenomena,” has been proposed by several groups.‘ 
With modern techniques, neutrons with velocities of about 10 meters per 
second and with de Broglie wave lengths of some 100 nanometers can be 
introduced into interferometers like those shown in the simplified dia- 
grams. With very low-intensity sources the neutrons can be treated as 
crossing the apparatus, one at a time, in times of tenths of a second. After 
division of the wave packet at M,, the long-lived quantum-mechanical 


Wheeler's “smoky dragon,” which 
symbolizes Bohr's “elementary 
quantum phenomenon.” Drawing by 
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Recent decades have taught us that 
physics is a magic window. It shows 
us the illusion that lies behind 
reality —and the reality that lies 
behind illusion. Its scope is 
immensely greater than we once 
realized. We are no longer satished 
with insights only into particles, or 
helds of force, or geometry, or even 
space and time. Today we demand of 
physics some understanding of 
existence itself. 

John A. Wheeler, Quantum Theory 

and Measurement, 1983 
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phenomenon is completed only when registration takes place near M). In 
this experiment various devices (for example, cadmium absorbers, copper 
reflectors, or spin flipping cells) can be used to block, unblock, or partially 
block either of the two paths, and this can be easily done randomly during 
the long transit times. 

Although highly complex and difficult to perform, these experiments 
can still be discussed in the terms used by Einstein: that we can be led to 
believe that by one random choice we seem to determine the path the 
neutron or photon has taken, and with the other choice — the registration 
of interference terms — we seem to establish that the neutron or photon has 
traveled along both paths. If this random choice is delayed until after the 
transit through the beam splitter is complete, then this “later” choice of 
registration appears to determine the choice made by the quantum at some 
“earlier” time. It was these apparent paradoxes which led Bohr to insist that 
the use of such language is improper in describing quantum phenomena, 
and that such phenomena are known and discussable only in terms of the 
irreversible amplified registration in macroscopic counters. In John 
Wheeler’s favorite way of putting it: “No elementary phenomenon is a 
phenomenon until it is a recorded phenomenon.”® Greenberger and his 
colleagues have attempted to analyze the cold-neutron experiments in these 
terms, and their analysis leads to differences in the counting rates predicted 
by quantum mechanics and by other, hidden variable theories. Such in- 
equalities, similar to those deduced by Bell for the two-quantum experi- 
ments, lead to subtle tests of the completeness of quantum mechanics and of 
reality theories. 

Apart from these quantitative tests, delayed choice experiments introduce 
philosophical and epistemological implications of great significance in 
that, although in the experiments described earlier the delay was a matter of 
only fractions of a second, the original statement by Bohr does not preclude 
much longer delays. Wheeler has pointed out that one could devise a 
delayed-choice experiment in which the “potential” quantum phenome- 
non is initiated at a remote cosmological distance from the place where the 
final choice of completion is made and in which this choice is delayed by 
many millions of years.’ Thus, an act of present-day decision may seem to 
create an aspect of the past—or at least to determine what we may say 
about that aspect of the past. As Wheeler has said: “Registration equipment 
operating in the here and now has an undeniable part in bringing about that 
which appears to have happened. Useful as it is under every-day circum- 
stances to say that the world exists ‘out there’ independent of us, that view 
can no longer be upheld. There is a strange sense in which this is a ‘partici- 
patory universe.’”* How such ideas are to be incorporated in a view of 
ourselves and our relation to the universe has become a matter of lively 
speculation, and it is a tribute to Bohr that, in his centenary year, a topic at 
the frontier of philosophical discussion still owes much to his original 
thinking and criticism.® 








On Bohr’s Views Concerning 
the Quantum Theory 


David Bohm 


The views that I shall express in my main contribution to this colloquium 
later on are in certain ways rather similar to those of Bohr, while in other 
ways they are basically different. It will perhaps be useful here to go into 
Bohr’s notions in some detail, in order to bring out what these similarities 
and differences are. 

First, it should be said of Bohr that his writings show an unusually strong 
emphasis on coherence and consistency of language. In this regard, one of his 
most important contributions is that he saw, at least implicitly, that the form 
of a coherent communication has to be in harmony with its content, For 
example, if someone shouts “Be quiet!” the noisy, angry, and turbulent 
form of such speech excites and stirs up the hearer; and this evidently 
interferes with the communication of the intended content (which is the 
need for a situation of peace and calmness). What has generally not been 
noticed is that the way in which physicists have usually discussed quantum 
theory has a rather similar disharmony of form and content, which tends 
also to lead to confusion. Bohr’s writings are characterized by a highly 
implicit and carefully balanced mode of saying things, which makes read- 
ing his work rather arduous but which is in harmony with the very subtle 
content of quantum theory. 

One of the major sources of disharmony, and therefore confusion, in 
most discussions of the content treated in quantum theory is that there is a 
strong tendency to continue to use a basic form of discourse that was 
appropriate only in classical physics. This form is that of describing the 
world as a union of disjoint elements. Thus, most physicists (especially 
those who follow along lines initiated by John von Neumann) continue to 
talk about a “quantum system” as if it were constituted of interacting 
components (for example, particles) which exist separately from each other 
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From the beginning, the attitude 
toward the apparent paradoxes in 
quantum theory was characterized by 
the emphasis on the features of 
wholeness in the elementary 
processes, connected with the quan- 
tum of action. While so far it had 
been clear that energy content and 
other invariant quantities could be 
strictly defined only for isolated 
systems, Heisenberg’s analysis 
revealed the extent to which the state 
of an atomic system is influenced 
during any observation by the 
unavoidable interaction with the 
measuring tools. 

Niels Bohr, “The Genesis of 

Quantum Mechanics,” 1962 
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and from the instrument that is used in “observing the quantum state of the 
system.” What is most characteristic of Bohr is that he does not use such a 
language form at all. Indeed, his discussion implies that this mode of 
description is irrelevant in the quantum context. What is relevant instead is 
the wholeness of the form of the experimental conditions and the content of 
the experimental results (from which it follows that it will not be consistent 
in this context to talk in terms of the classical notion of a union of disjoint 
elements). 

In order to bring out Bohr’s point of view in more detail it will be useful 
to discuss Heisenberg’s well known microscope experiment, but in a rather 
different way from that which has generally been adopted. To do this, we 
can begin by asking in terms of classical physics what it means to make 
measurements of position and momentum. We start, however, not as is 
usually done, with a light microscope but, rather, with an electron microscope. 

In Figure 1 there is in the target an “observed particle” at O, assumed to 
have initially a known momentum (for example, it may be at rest, with zero 
momentum). Electrons of known energy are incident on the target, and one 
of these is deflected from the particle at O. It goes into the electron micro- 
scope, following an orbit that leads it to the focus at P From here, the 
particle leaves a track, T, in a certain direction, as it penetrates the photo- 
graphic emulsion. 

Now, the directly observable results of this experiment are the position P 
and the direction of the track, T: But, of course, these in themselves are of no 
interest. It is only by knowing the experimental conditions (the structure of 
the microscope, the target, the energy of the incident beam of electrons) 
that the experimental results can become relevant in the context of a 
physical inquiry. With the aid of an adequate description of these condi- 
tions, one can use the experimental results described above to make infer- 
ences about the position of the “observed particle” at O, and about the 
momentum transferred to it in the process of deflecting the incident elec- 
tron. Asa result, one “knows” both the position and the momentum of this 
particle at the time of deflection of the incident electron. 

All this is quite straightforward in classical physics. Heisenberg’s novel 
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step was to consider the implications of the “quantum” character of the 
electron that provides the “link” between the experimental results and what is 
to be inferred from these results. The electron can no longer be described as 
being just a classical particle. Rather, it also has to be described in terms of a 
“wave,” as shown in Figure 2. Electron waves incident on the target are said 
to be diffracted by the atom at O, then pass through the microscope, where 
they are also diffracted, and are focused at the photographic emulsion. 
Here, they are said to determine only the “probability” that a track T begins 
at P and goes in a certain direction. 

However, as was implicit in Heisenberg’s discussion (and as was later 
brought out more explicitly by Bohr), this whole situation involves some- 
thing radically new and not “coherent” with classical notions. Heisenberg 
tried to express this novelty by saying that both the position x and momen- 
tum p of the “electron link” between O and PT are “uncertain,” the extent 
of this uncertainty being measured by the “uncertainty relationship” 
AxAp 2 h. But this involves a very significant kind of disharmony between 
the form of the language and the content to which Heisenberg implicitly 
intended to call attention. The form of the language implies that the “link” 
electron actually has a definite orbit that is, however, not precisely known 
to us. Bohr gave a thorough and consistent discussion of this whole situa- 
tion, which made it clear that the orbit of the electron is not “uncertain” 
but, rather, that it is what he called ambiguous.* Unfortunately, even this 
word does not give a very clear notion of what is meant here. Perhaps one 
could say instead that both the notion of a particle following a well defined 
orbit (whether known or unknown) and the notion of a wave following a 
similarly well defined wave equation are not relevant to the “quantum” 
situation. What we have to deal with here is a radically new form of 
description that is incompatible with either of the old forms. 

Now, because of the irrelevance in the “quantum” context of the de- 
scription of the “electron link” in terms of well defined particle orbits or in 
terms of well defined wave motions, it followed that from the observed 
results of an experiment, one could no longer make inferences of unlimited 
precision about the observed object. But something more also followed, the 
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Fig. 3 


very deep and far-reaching significance of which most physicists tended to 
overlook. To see what this is, note that from a particular set of experimental 
conditions (as determined by the structure of the microscope, for example), 
we could in some rough sense say that the limits of relevance of the classical 
description of the “observed object” are indicated by a certain cell in the 
phase space of this object, denoted by A in Figure 3. If, however, we had 
different experimental conditions (for example, a microscope of another 
aperture, or electrons of different energy), then these limits would be indi- 
cated by another cell in this phase space, indicated by B in the diagram. Both 
cells would have the same area, h, but their “shapes” would be different. 

Now, in the corresponding discussion of the classical situation, it is 
possible to say that the experimental results do nothing more than permit 
inferences about an observed object, which exists separately and indepen- 
dently, in the sense that it can consistently be said to “have” these properties 
whether or not it interacts with anything else (such as an observing appa- 
ratus). A description of the experimental conditions is needed to permit 
these inferences to be carried out properly, but this description is in no way 
needed for saying what is meant by the properties of the observed object — 
that is, position and momentum. 

However, in the “quantum” context the situation is very different. Here, 
certain relevant features of what is called the observed particle (the “shapes” 
of the cells in phase space) cannot properly be described except in conjunc- 
tion with a description of the experimental conditions. Nor can one say 
that the “shapes” correspond only to our lack of knowledge about the 
precise position and momentum of the observed object, considered as 
separate and disjoint from the overall experimental arrangement. Indeed, as 
a more extensive discussion of the mathematical formalism shows, the 
region in which “the wave function of the observed object” (and its Fourier 
coefhcients) are appreciable corresponds to the “shape” of the cell, as dis- 
cussed above. But this wave function is coordinated, or “correlated,” to that 
of the “link electron” in such a way that one has no meaning without the 
other. As a result, “the wave function of the observed object,” which gives 
the fullest possible formal means of determining averages of physical prop- 
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erties, cannot be discussed relevantly apart from the experimental condi- 
tions, which provide a necessary context for a treatment of the wave func- 
tion of the “link electron.” 

Thus, the mathematical formalism contains a reflection of the general 
situation with regard to “shapes” of cells in phase space that has been 
described here in informal terms. Therefore, the description of the experi- 
mental conditions does not drop out as a mere intermediary link of infer- 
ence, but remains amalgamated with the description (both formal and 
informal) of what is called the observed object. This means that the “quan- 
tum” context calls for a new kind of description, which does not make use 
of the potential or actual separability of “observed object” and “observing 
apparatus.” Instead, as has been indicated earlier, the form of the experi- 
mental conditions and the content of the experimental results now have to 
be one whole, in which analysis into disjoint elements is not relevant. 

The irrelevance of such an analysis (for example, in terms of the notion 
that the “observed object is disturbed by the observing apparatus”) was 
brought out in a very forceful way in the famous discussion between 
Einstein, Podolsky, and Rosen? and Bohr.* This showed that such whole- 
ness of description is needed even when observations are carried out very 
far from each other in space and under conditions in which one would have 
said in terms of classical physics that no mechanical or dynamical contact or 
interaction between these observations could be possible. 

In a context in which the detailed description of the “observed object” is 
not relevant, so that the “cells” in phase space could be replaced by points, 
however, the “shapes” of the cells would not matter, Thus, in such a 
context, all significant aspects of the “observed object” could meaningfully 
be described without bringing in a description of the experimental condi- 
tions. Thus, one could consistently use the traditional notion that the object 
can be discussed in terms of a “state” or of properties, which need not refer 
in any essential way to anything else at all. Therefore, the description in 
terms of a potential or actual disjunction between observed object and 
observing apparatus is a relevant simplification, in a context in which the 
fine details of the “quantum” description do not matter. But where the 
details are significant, this simplification cannot properly be carried out, 
and one has to return to a consideration of the wholeness of the total 
experimental situation. 

What is meant here by “wholeness” could be indicated in a somewhat 
informal and metaphoric way by calling attention to a pattern (for example, 
the pattern in a carpet). Insofar as what is relevant is the pattern, it has no 
meaning to say that different parts of such a pattern (such as various flowers 
or trees that are to be seen in the carpet) are disjoint objects in interaction. 
Similarly, in the “quantum” situation, terms like “observed object,” “ob- 
serving instrument,” “experimental conditions,” and “experimental re- 
sults” are just aspects of a single overall “pattern” that are, in effect, ab- 
stracted and “pointed out” or “made relevant” by our mode of discourse. 


The belief in an external world 
independent of the perceiving subject 
is the basis of all natural science. 
Since, however, sense perception only 
gives information of this external 
world or of “physical reality” 
indirectly, we can only grasp the 
latter by speculative means. It follows 
from this that our notions of 
physical reality can never be final. 
We must always be ready to change 
these notions —that is to say, the 
axiomatic structure of physics — in 
order to do justice to perceived facts 
in the most logically perfect way. 
Albert Einstein, 
The World as I See It, 1934 
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Thus, it has no meaning to say, for example, that there is an “observed 
object” that interacts with the “observing instrument.” 

Thus far, Bohr’s views are in general harmony with those adopted in my 
discussion of “hidden variables.”> But now we come to an important dif- 
ference between Bohr’s views and my own. For Bohr went on to say that the 
terms of discussion of the experimental conditions and of the experimental 
results were necessarily those of “everyday language,” suitably “refined” 
where necessary, so as to take the form of classical dynamics. It was appar- 
ently Bohr’s belief that this was the only possible language for the unambigu- 
ous communication of the results of an experiment. He saw, moreover, that 
this kind of communication could be consistent with all that is meant by 
the term “quantum” only if it were further ruled that the experimental 
conditions needed for the precise definition of one of a pair of “comple- 
mentary” variables (for example, position) are not compatible with those 
needed for the precise definition of the other member of the pair (for 
example, momentum). Since in classical physics both are required for the 
prediction of the future behavior of a “system,” it follows that classical 
theory is no longer valid as a means of making inferences of this kind. 
Rather, it is now only a source of terms of description of the experimental 
phenomena (“position,” “momentum,” and so on). 

Both the experimental conditions and the experimental results are, as in 
classical physics, to be described in terms of positions and momenta of 
various objects and parts of objects that make up the total experimental 
arrangement. But (as indicated in the discussion of the microscope exper- 
ment) the connections between these conditions and results and the infer- 
ences that are to be drawn from them must now be obtained from the 
quantum algorithm, with its purely statistical interpretation. So, in a cer- 
tain sense, Bohr takes quantum theory to be a kind of “generalization” of 
classical theory. What is to be observed is always described in classical 
language (regarded here as a refinement of ordinary “everyday” language), 
but the generalization consists in replacing the classical algorithm (the 
differential equation applying to individual systems) with a quantum algo- 
rithm (matrix theories applying only to statistical ensembles). 

Because the experimental facts actually did disclose a statistical fluctua- 
tion of results, in accordance with what was to be inferred from the 
quantum algorithm, Bohr concluded that his general mode of using lan- 
guage was indeed relevant to the facts that were available to him at the time. 
But he went further than this. Since the classical language was supposed to 
be the only possible means of unambiguous communication, and since the 
terms of this language could not consistently be defined together, he also 
concluded that, if the quantum algorithm is used for making statistical 
inferences in the usual way, it is impossible to find any unambiguous language 
at all that could treat the order of occurrence of these statistical fluctuations 
as relevant. Therefore it would necessarily be a source of confusion merely 
to entertain the notion of “hidden variables” in terms of which these 
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contingent fluctuations would be revealed unambiguously in a new field of 
novel orders of necessity. In this way Bohr was led to the conclusion that the 
“quantum” implies absolute contingency — that is, the necessity for “com- 
plete randomness” in the results of what are called individual experiments. 

On the other hand, there is a consistent way of doing just what Bohr 
would have termed meaningless and irrelevant, in a theoretical language 
form that has a certain similarity to that of Bohr. I have described this 
method in another paper.® 

A key ditterence between these forms is, however, that in terms of the 
language of my paper, one can discuss a possible new kind of significance 
for the order of successive operations (that is, “measurements”). According to 
current quantum theory, this order has to be “random.” Indeed, there is no 
room, either in the formalism or in the informal language of the theory, 
even to talk about a “nonrandom” order of this kind. Moreover, as one can 
see, the particular order determined by the contingent parameters (that is, 
“hidden variables”) also could not be incorporated into any classical theory. 
Thus, if this order is significant, one will have to describe the experimental 
results themselves (and, more generally, the experimental conditions as well) 
in terms of a new language form that is neither “classical” nor “quantum.” 

What is called for, in my view, is therefore a movement in which physi- 
cists freely explore novel forms of language, which take into account Bohr’s 
very significant insights but which do not remain fixed statically to Bohr’s 
adherence to the need for classical language forms, limited by the quantum 
algorithm, in the description of experimental conditions and experimental 
results. 

Some preliminary steps of this kind have been suggested elsewhere.’ It 
seems to me that the work done thus far clearly reveals the existence of 
considerable scope for such exploratory experimentation with new lan- 
guage forms, and that such experimentation shows genuine possibilities for 
being fruitful.® 
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The scientific event of 1923 was the discovery of the Compton effect by 
Arthur Compton, who was then at Washington University, St. Louis, and 
later at the University of Chicago! . . . Here we had what looked like 
definite experimental evidence of the correctness of the corpuscular theory 
of light, a theory which had had some followers ever since the days of 
Newton. But we had equally definite experimental evidence of the cor- 
rectness of the wave theory, which dated back to Huygens: the wave theory 
had to be used to explain the interference and diffraction effects, whose 
reality was observed in X-ray diffraction just as much as in ordinary optics. 
Which theory was right? . . . The straightforward deduction from ev- 
erything that was known was that both theories were to be used simulta- 
neously, one for one type of phenomena, the other for others. 

This was not as absurd a situation as it seemed at first. A number of 
scientists — W. F. G Swann, among others — had suggested that the pur- 
pose of the electromagnetic field was not to carry a continuously distrib- 
uted density of energy, but to guide the photons in some manner. This was 
the point of view which appealed to me, and during my period at the 
Cavendish Laboratory in the fall of 1923, I elaborated it, In electromagnetic 
theory one finds an energy density, the electrical-energy density being 
proportional to the square of the electric field while the magnetic-energy 
density is proportional to the square of the magnetic field . . . It is per- 
fectly possible to assume that this energy density serves to determine the 
probability of finding a photon at a given point in space: the probable 
number of photons per unit volume times the energy hv of a photon must 
equal the continuous energy density as calculated by electromagnetic 
theory. I was willing, as were many other scientists, to accept this type of 
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relation between the continuous electromagnetic wave and the point car- 
riers of radiant energy, the photons. 
One had, then, to assume the existence of these electromagnetic waves, 
but there was a great difficulty associated with them. Bohr’s theory of the 
hydrogen atom assumed the existence of electronic stationary states, and 
assumed that radiation was emitted when the atom jumped from an upper 
state of energy E, to a lower state of energy E,. The emitted energy E, — E, 
was assumed to be the energy of the photon hy, which therefore determined 
the frequencies of the emitted radiation in terms of the energy levels E, and 
E,. The Bohr-Sommerfeld quantum conditions, which had been known in 
their simplest form since 1913, and in the more sophisticated form sug- . eet 
gested by Sommerfeld since 1916, predicted the energy levels, and the lee wobe - oe = og 
energy differences gave frequencies which agreed with the known spec- ign is this, I take it. The energy 
trum of hydrogen. travels from point to point like a cor- 
All of this was simple enough, but the difficulty was with the assump- _puscle: the disposition of the lines of 
tion that the radiation was emitted in the form of a photon at the instant the —_ — " : ee 
atom jumped from the state E, to the state E,. Any student of physics orof 4. sf 4 - oe sane si ies 
mathematics knows that a wave-train of finite length has a frequency — moment. 
spectrum which is not strictly monochromatic, but which instead has a W. H. Bragg to Ernest Rutherford, 
frequency breadth Av which is of the order of magnitude of 1/T, where T is 18 January 1912 
the length of time during which the train is emitted. I had first learned this 
years earlier, through reading A. A. Michelson’s fascinating book Light 
Waves and Their Uses, which my father had in his library. If this time is 
much longer than the period of oscillation, which is 1/y, the breadth Av will 
be very small compared to the frequency v. The observed sharpness of 
spectral lines shows that this must be the case. The experiments are consist- 
ent with emitted wave-trains which have perhaps the order of 10° or more 
waves in the train. How, I asked myself, could a physicist with the insight of 
Bohr have suggested that the radiation was emitted instantaneously? Surely 
it must have taken long enough for 10° waves to be emitted. 
A good deal was known even then about the lifetimes of atoms in their 
stationary states. An atom is excited to a level above the ground state, stays 
in that state for a while, and then falls back to the ground state. The 
interesting fact is that the lifetime in the excited state is of the same order of 
magnitude as the time required to emit the 10° waves, more or less, which 
are needed to produce the observed sharpness of the spectral lines. The 
situation thus appeared to me to be perfectly clear. It must be that all the 
time an atom is in an excited state, it must be emitting electromagnetic 
waves of all the frequencies corresponding to transitions to lower states 
which would be allowed by Bohr’s theory. The intensities of these waves 
would have to be determined by Bohr’s correspondence principle, which 
had been worked out some years earlier, and which tied together the quan- 
tum probability of emission with corresponding amplitudes in the classical 
oscillation of the electron in the atom. One would not only have these 
spontaneous oscillators producing the waves, but also induced oscillations 161 
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atomic reactions within the 
framework of classical radiation 
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momentum, these investigations led 
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produced by external radiation falling on the atom, which by interference 
with the external radiation would result in absorption of radiation accord- 
ing to the electromagnetic theory. 

These electromagnetic waves, in my view, would not directly carry 
energy, as they would in the classical electromagnetic theory, but would be 
connected with the probability of finding photons at the given point . . 

This represents substantially the view I had when I went to Copenhagen 
at Christmastime in 1923. While at the Cavendish Laboratory in the fall of 
that year, I had talked over the ideas with Ralph Fowler, who had liked 
them, and I had put them on paper not only in memoranda of my own but 
in a letter to Edwin Kemble. As soon as I discussed the ideas with Bohr and 
Kramers, I found them enthusiastic about the idea of the electromagnetic 
waves emitted by oscillators during the stationary states—they at once 
coined the name “virtual oscillators” for these. But to my consternation, I 
found that they completely refused to admit the real existence of photons. It 
had never occurred to me that they would object to what seemed like so 
obvious a deduction from many types of experiments. The result was that 
they insisted on our writing a joint paper in which the electromagnetic field 
was described as having a continuously distributed energy density whose 
intensity determined the probability of transition of an atom from one 
stationary state to another. One had then to assume only a statistical 
conservation of energy between the continuously distributed energy den- 
sity in the electromagnetic field and the quantized energy of the atoms. 
They grudgingly allowed me to send a note to Nature indicating that my 
original idea had included the real existence of the photons, but that I had 
given up the notion at their instigation. This conflict, in which I acquiesced 
to their point of view but by no means was convinced by any arguments 
they tried to bring up, led to a great coolness between me and Bohr, which 
was never completely removed . . . 

It was astonishing to see how rapidly my point of view was vindicated. 
Various experimentalists pointed out that if the intensity of the electromag- 
netic field determined only the probability of transition, there was no good 
reason to expect |in the Compton effect] that the recoil electron, whose 
recoil was given by probability arguments, would come off at the same time 
as the scattered photon, which also came off by probability arguments. In 
1925 Bothe and Geiger, and slightly later Compton and Simon, set up 
ingenious experiments with counters to measure simultaneously the recoil 
electron and the scattered photon, and they showed clearly that the electron 
and photon actually appeared simultaneously. This settled the argument, 
and I believe that no one continued to doubt the real existence of photons, 
conservation of energy between photons and atoms, and the probability 
relation between the motion of photons and the intensity of electromag- 
netic waves. 
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Werner Heisenberg 


During the first few months of 1926, Gottingen first became familiar with 
the work of the Viennese physicist Erwin Schrédinger, who was approach- 
ing atomic theory from an entirely fresh side.! The year before, Louis de 
Broglie in France had drawn attention to the fact that the strange wave- 
particle dualism which, at the time, seemed to prevent a rational explana- 
tion of light phenomena might be equally involved in the behavior of 
matter — for instance, of electrons. Schrodinger developed this idea further 
and, by means of a new wave equation, formulated the law governing the 
propagation of material waves under the influence of an electromagnetic 
held. In Schrédinger’s model, the stationary states of an atomic shell are 
compared with the stationary vibrations of a system— for instance, a 
vibrating string — except that all the magnitudes normally considered as 
energies of the stationary states are treated as frequencies of the stationary 
vibrations. The results Schrodinger obtained in this way fitted in very well 
with the new quantum mechanics, and Schrédinger quickly succeeded in 
proving that his own wave mechanics was mathematically equivalent to 
quantum mechanics; in other words, that the two were but different mathe- 
matical formulations of the same structures. Needless to say, we were 
delighted by this new development, for it greatly strengthened our conf- 
dence in the correctness of the new mathematical formulation. Moreover, 
Schrédinger’s procedure lent itself readily to the simplification of calcula- 
tions that had severely strained the powers of quantum mechanics. 
Unfortunately, however, the physical interpretation of the mathematical 
scheme presented us with grave problems. Schrédinger believed that, by 
associating particles with material waves, he had found a way of clearing 
the obstacles that had so long blocked the path of quantum theory. Accord- 
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You discuss the question of the 
explanation of radiation by means of 
beats or by means of difference tones 
in a very penetrating way that is also 
very instructive for me. The 
frequency discrepancy in the Bohr 
model, on the other hand, seems to 
me (and has indeed seemed to me 
since 1914) to be something so 
monstrous, that I should like to char- 
acterize the excitation of light in this 
way as really almost inconceivable. 
Erwin Schrédinger to H. A. Lorentz, 
6 June 1926 
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ing to him, these material waves are fully comparable to such processes in 
space and time as electromagnetic or sound waves. Such obscure ideas as 
quantum jumps would completely disappear . . . Thus, when an atom 
passes from one stationary state to the next, we can no longer say that it 
changes its energy suddenly and radiates the difference in the form of an 
Einsteinian light quantum. Radiation is the result of quite a different 
process — namely, of the simultaneous excitation of two stationary mate- 
rial vibrations whose interference gives rise to the emission of electromag- 
netic waves (for example, light). This hypothesis seemed to me too good to 
be true, and I mustered what arguments I could to show that discontinuities 
are a fact of life, however inconvenient . . . 

Toward the end of the 1926 summer term, Sommerfeld invited Schré- 
dinger to address the Munich seminar . . . During the subsequent dis- 
cussion, I raised a number of objections [to Schrédinger’s own interpreta- 
tion of quantum mechanics] and, in particular, pointed out that 
Schrédinger’s conception would not even help explain Planck’s radiation 
law. For this I was taken to task by Wilhelm Wien, who told me rather 
sharply that while he understood my regrets that quantum mechanics was 
finished, and with it all such nonsense as quantum jumps, the difficulties 
had mentioned would undoubtedly be solved by Schrodinger in the very 
near future .. . 

And so I went home rather sadly. It must have been that same evening 
that I wrote to Niels Bohr about the unhappy outcome of the discussion. 
Perhaps it was as a result of this letter that he invited Schrédinger to spend 
part of September in Copenhagen. Schrédinger agreed, and I, too, sped 
back to Denmark. 

Bohr’s discussions with Schrédinger began at the railway station and 
were continued daily from early morning until late at night. Schrédinger 
stayed at Bohr’s house so that nothing would interrupt the conversations. 
And although Bohr was normally most considerate and friendly in his 
dealings with people, he now struck me as an almost remorseless fanatic, 
one who was not prepared to make tke least concession or grant that he 
could ever be mistaken. It is hardly possible to convey just how passionate 
the discussions were, how deeply rooted the convictions of each man—a 
fact that marked their every utterance. All I can hope to do here is to 
produce a very pale copy of conversations in which two men were fighting 
for their particular interpretations of the new mathematical scheme with 
all the powers at their command. 

Schrodinger: “Surely you realize that the whole idea of quantum jumps is 
bound to end in nonsense. You claim first of all that if an atom is in a 
stationary state, the electron revolves periodically but does not emit light, 
when, according to Maxwell’s theory, it must. Next, the electron is said to 
jump from one orbit to the next and to emit radiation. Is this jump 
supposed to be gradual or sudden? If it is gradual, the orbital frequency and 
energy of the electron must change gradually as well. But in that case, how 
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do you explain the persistence of sharp spectral lines? On the other hand, if 
the jump is sudden, Einstein’s idea of light quanta will admittedly lead us to 
the right wave number, but then we must ask ourselves how precisely the 
electron behaves during the jump. Why does it not emit a continuous 
spectrum, as electromagnetic theory demands? And what laws govern its 
motion during the jump? In other words, the whole idea of quantum jumps 
is sheer fantasy.” 

Bohr: “What you say 1s absolutely correct. But it does not prove that there 
are no quantum jumps. It proves only that we cannot imagine them, that 
the representational concepts with which we describe events in daily life 
and experiments in classical physics are inadequate when it comes to de- 
scribing quantum jumps. Nor should we be surprised to find it so, seeing 
that the processes involved are not the objects of direct experience.” 

Schrédinger: “I don’t wish to enter into long arguments about the for- 
mation of concepts; I prefer to leave that to the philosophers. I wish only to 
know what happens inside an atom. I don’t really mind what language you 
choose for discussing it. If there are electrons in the atom, and if these are 
particles —as all of us believe — then they must surely move in some way. I 
am not concerned with a precise description of this motion, but it ought to 
be possible to determine in principle how they behave in the stationary 
state or during the transition from one state to the next. But from the 
mathematical form of wave mechanics or quantum mechanics alone, it is 
clear that we cannot expect reasonable answers to these questions. The 
moment, however, that we change the picture and say that there are no 
discrete electrons, only electron waves or waves of matter, then everything 
looks quite different. We no longer wonder about the sharp lines. The 
emission of light is as easily explained as the transmission of radio waves 
through the aerial of the transmitter, and what seemed to be insoluble 
contradictions have suddenly disappeared.” 

Bohr: “I beg to disagree. The contradictions do not disappear; they are 
simply pushed to one side. You speak of the emission of light by the atom or 
more generally of the interaction between the atom and the surrounding 
radiation field, and you think that all the problems are solved once we 
assume that there are material waves but no quantum jumps. But just take 
the case of thermodynamic equilibrium between the atom and the radia- 
tion field — remember, for instance, the Einsteinian derivation of Planck’s 
radiation law. This derivation demands that the energy of the atom should 
assume discrete values and change discontinuously from time to time; 
discrete values for the frequencies cannot help us here. You can’t seriously 
be trying to cast doubt on the whole basis of quantum theory!” 

Schrodinger: “I don’t for a moment claim that all these relationships have 
been fully explained. But then you, too, have so far failed to discover a 
satisfactory physical interpretation of quantum mechanics. There is no 
reason why the application of thermodynamics to the theory of material 
waves should not yield a satisfactory explanation of Planck’s formula as 
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I shall take care above all that you 
remain master of your own actions to 
the greatest possible extent, and 
especially that, at those times over 
and above the “ofhcial” periods 
dedicated to the Physical Society, you 
have the opportunity to withdraw 
and to occupy yourself as you see fit. 
I know from experience how 
pleasant it often is to have a 
possibility of this kind. 
Max Planck to Erwin 
Schrodinger, 4 June 1926 
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well —an explanation that will admittedly look somewhat different from 
all previous ones.” 

Bohr: “No, there is no hope of that at all. We have known what Planck’s 
formula means for the past twenty-five years. And quite apart from that, 
we can see the inconstancies, the sudden jumps in atomic phenomena, 
quite directly — for instance, when we watch sudden flashes of light on a 
scintillation screen or the sudden rush of an electron through a cloud 
chamber. You cannot simply ignore these observations and behave as if they 
did not exist at all.” 

Schrédinger: “Tf all this damned quantum jumping were really here to 
stay, I should be sorry I ever got involved with quantum theory.” 

Bohr: “But the rest of us are extremely grateful that you did; your wave 
mechanics has contributed so much to mathematical clarity and simplicity 
that it represents a gigantic advance over all previous forms of quantum 
mechanics.” 

And so the discussions continued day and night. After a few days Schré- 
dinger fell ill, perhaps as a result of his enormous effort; in any case, he was 
forced to keep to his bed, with a feverish cold. While Mrs. Bohr nursed him 
and brought in tea and cake, Niels Bohr kept sitting on the edge of the bed 
talking at Schrédinger: “But you must surely admit that . . .” No real 
understanding could be expected since, at the time, neither side was able to 
offer a complete and coherent interpretation of quantum mechanics. For all 
that, we in Copenhagen felt convinced toward the end of Schrédinger’s 
visit that we were on the right track, though we fully realized how difficult 
it would be to persuade even leading physicists that they must abandon all 
attempts to construct perceptual models of atomic processes. 

During the last few months of 1926 the physical interpretation of quan- 
tum mechanics was the central theme of all conversations between Bohr 
and myself. I was then living on the top floor of the institute, in a cozy little 
attic flat with slanting walls, and windows overlooking the trees at the 
entrance to Faelled Park. Bohr would often come into my attic late at night, 
and we would construct all sorts of imaginary experiments to see whether 
we had really grasped the theory. In doing so, we discovered that the two of 
us were trying to resolve the difficulties in rather different ways. Bohr was 
trying to allow for the simultaneous existence of both particle and wave 
concepts, holding that, though the two were mutually exclusive, both 
together were needed for a complete description of atomic processes. I 
disliked this approach. I wanted to start from the fact that quantum me- 
chanics as we then knew it already imposed a unique physical interpreta- 
tion of some magnitudes occurring in it — for instance, the time averages 
of energy, momentum, fluctuations, and so forth —so that it looked very 
much as if we no longer had any freedom with respect to that interpreta- 
tion. Instead, we would have to try to derive the correct general interpreta- 
tion by strict logic from the ready-to-hand, more special interpretation. 

For that reason, I was—certainly quite wrongly —rather unhappy 
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about a brilliant piece of work Max Born had done in Gottingen. In it, he 
had treated collisions by Schrédinger’s method and assumed that the square 
of the Schrodinger wave function measures, in each point of space and at 
every instant, the probability of finding an electron in this point at that 
instant. I fully agreed with Born’s thesis as such, but disliked the fact that it 
looked as if we still had some freedom of interpretation; I was firmly 
convinced that Born’s thesis itself was the necessary consequence of the 
xed interpretation of special magnitudes in quantum mechanics. This 
conviction was strengthened further by two highly informative mathemat- 
ical studies by Dirac and Jordan. 

Luckily, at the end of our talks, Bohr and I would generally come to the 
same conclusions about particular physical experiments, so that there was 
good reason to think that our divergent eftorts might yet lead to the same 
result. On the other hand, neither of us could tell how so simple a phenom- 
enon as the trajectory of an electron in a cloud chamber could be reconciled 
with the mathematical formulations of quantum or wave mechanics. Such 
concepts as trajectories or orbits did not figure in quantum mechanics, and 
wave mechanics could be reconciled with the existence of a densely packed 
beam of matter only if the beam spread over areas much larger than the 
diameter of an electron 


The Niels Bohr Institute in the 1920s. 
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Bohr decided in February 1927 to go skiing in Norway, and I was quite 
glad to be left behind in Copenhagen, where I could think about these 
hopelessly complicated problems undisturbed. I now concentrated all my 
efforts on the mathematical representation of the electron path in the cloud 
chamber, and when I realized fairly soon that the obstacles before me were 
quite insurmountable, I began to wonder whether we might not have been 
asking the wrong sort of question all along. But where had we gone wrong? 
The path of the electron through the cloud chamber obviously existed; one 
could easily observe it. The mathematical framework of quantum me- 
chanics existed as well, and was much too convincing to allow for any 
changes. Hence, it ought to be possible to establish a connection between 
the two, hard though it appeared to be. 

It must have been one evening after midnight when I suddenly remem- 
bered my conversation with Einstein, and particularly his statement “It is 
the theory which decides what we can observe.” I was immediately con- 
vinced that the key to the gate that had been closed for so long must be 
sought right here. I decided to go on a nocturnal walk through Faelled Park 
and to think further about the matter. We had always said so glibly that the 
path of the electron in the cloud chamber could be observed. But perhaps 
what we really observed was something much less. Perhaps we merely saw a 
series of discrete and ill-defined spots through which the electron had 
passed. In fact, all we do see in the cloud chamber are individual water 
droplets which must certainly be much larger than the electron. The right 
question should therefore be: Can quantum mechanics represent the fact 
that an electron finds itself approximately in a given place and that it moves 
approximately with a given velocity, and can we make these approxima- 
tions so close that they do not cause experimental difficulties? 

A brief calculation after my return to the institute showed that one could 
indeed represent such situations mathematically, and that the approxima- 
tions are governed by what would later be called the uncertainty principle 
of quantum mechanics: the product of the uncertainties in the measured 
values of the position and momentum cannot be smaller than Planck’s 
constant. This formulation, I felt, established the much-needed bridge 
between the cloud chamber observations and the mathematics of quantum 
mechanics. True, it had still to be proved that any experiment whatsoever 
was bound to set up situations satisfying the uncertainty principle, but this 
struck me as plausible a priori, since the processes involved in the exper- 
ment or the observation had necessarily to satisfy the laws of quantum 
mechanics. On this presupposition, experiments are unlikely to produce 
situations that do not accord with quantum mechanics. “It is the theory 
which decides what we can observe.” I resolved to prove this by calculations 
based on simple experiments during the next few days. 

Here, too, I was helped by the memory of a conversation I had once had 
with Burkhard Drude, a fellow student at Gottingen. When discussing the 
difficulties involved in the concept of electron orbits, he had said that it 
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ought to be possible, in principle, to construct a microscope of extraordi- 
narily high resolving power in which one could see or photograph the 
electron paths inside the atom. Such a microscope would not, of course, 
work with ordinary light rays, but perhaps with gamma rays. Now this ran 
counter to my hypothesis, according to which not even the best microscope 
could cross the limits set by the uncertainty principle. Hence I had to 
demonstrate that the principle was obeyed even in this case. This I managed 
to do, and the proof strengthened my confidence in the consistency of the 
new interpretation . 

Then Niels Bohr returned from his skiing holiday, and we had a fresh 
round of difficult discussions. For Bohr, too, had pursued his own ideas on 
wave-corpuscle dualism. Central to his thought was the concept of com- 
plementarity, which he had just introduced to describe a situation in which 
it is possible to grasp one and the same event by two distinct modes of 
interpretation. These two modes are mutually exclusive, but they also 
complement each other, and it is only through their juxtaposition that the 
perceptual content of a phenomenon i is fully brought out. At first, Bohr 
raised a number of objections against the uncertainty principle, which he 
probably considered too special a case of the general rule of complementar- 
ity. But he soon afterward realized — manfully assisted by the Swedish 
physicist Oskar Klein, who was also working in Copenhagen — that there 
was no serious difference between the two interpretations, and that all that 
mattered now was to represent the facts in such a way that despite their 
novelty they could be grasped and accepted by all physicists. 

The matter was thrashed out in the autumn of 1927 at two physics 
conferences: the General Physics Congress in Como, at which Bohr gave a 
comprehensive account of the new situation, and the Solvay Congress in 
Brussels. In accordance with the wishes of the Solvay Foundation, the latter 
was attended by a small group of specialists eager to discuss the problems of 
quantum theory in detail. We all stayed at the same hotel, and the keenest 
arguments took place not in the conference hall but during the hotel meals. 
Bohr and Einstein were in the thick of it all. Einstein was quite unwilling to 
accept the fundamentally statistical character of the new quantum theory. 
Needless to say, he had no objections against probability statements when- 
ever a particular system was not known in every last detail — after all, the 
old statistical mechanics and thermodynamics had been based on just such 
statements. However, Einstein would not admit that it was impossible, even 
in principle, to discover all the partial facts needed for the complete de- 
scription of a physical process. “God does not throw dice” was a phrase we 
often heard from his lips in these discussions. And so he refused point- 
blank to accept the uncertainty principle, and tried to think up cases in 
which the principle would not hold. 

The discussion usually started at breakfast, with Einstein serving us up 
another imaginary experiment by which he thought he had definitely 
refuted the uncertainty principle. We would at once examine his fresh 
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offering, and on the way to the conference hall, to which I generally 
accompanied Bohr and Einstein, we would clarify some of the points and 
discuss their relevance. Then, in the course of the day, we would have 
further discussions on the matter, and, as a rule, by suppertime we would 
have reached the point where Niels Bohr could prove to Einstein that even 
his latest experiment failed to shake the uncertainty principle. Einstein 
would look a bit worried, but by next morning he was ready with a new 
imaginary experiment more complicated than the last, and this time, so he 
avowed, bound to invalidate the uncertainty principle. This attempt would 
fare no better by evening, and after the same game had been continued for a 
few days Einstein’s friend Paul Ehrenfest, a physicist from Leyden in Hol- 
land, said: “Einstein, Iam ashamed of you; you are arguing against the new 
quantum theory just as your opponents argue about relativity theory.” But 
even this friendly admonition went unheard. 

Once again it was driven home to me how terribly difficult it is to give 
up an attitude on which one’s entire scientific approach and career have 
been based. Einstein had devoted his life to probing into that objective 
world of physical processes which runs its course in space and time, inde- 
pendent of us, according to firm laws. The mathematical symbols of theo- 
retical physics were also symbols of this objective world and as such enabled 
physicists to make statements about its future behavior. And now it was 
being asserted that, on the atomic scale, this objective world of time and 
space did not even exist and that the mathematical symbols of theoretical 
physics referred to possibilities rather than to facts. Einstein was not pre- 
pared to let us do what, to him, amounted to pulling the ground from 
under his feet. Later in life, also, when quantum theory had long since 
become an integral part of modern physics, Einstein was unable to change 
his attitude — at best, he was prepared to accept the existence of quantum 
theory as a temporary expedient. “God does not throw dice” was his 
unshakable principle, one that he would not allow anybody to challenge. To 
which Bohr could only counter, “Nor is it our business to prescribe to God 
how he should run the world.”? 
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My parents had both studied physics at Cambridge, and ever since I first 
heard about it at school and at home I had wanted to do research on 
quantum theory, and quantum theory for me was the theory of Bohr. But 
when I had finished my exams and started research in the autumn of 1926, 
the new quantum mechanics had just burst upon the world and the first 
thing to do was to learn about it. Apart from Dirac, I don’t think anyone in 
Cambridge understood it very well; there were no lectures on it, and so the 
only thing to do was to learn German and read the original papers, particu- 
larly those of Schrédinger and Born’s Wellenmechanik der Stossvorgange 
(Wave mechanics of collision processes). After applying Born’s theory to 
some collision problems, I was ready in 1928 to go abroad, and thought first 
of Gottingen; but my supervisor R. H. Fowler advised Copenhagen, and 
how right he was! I remember the long train journey there from a holiday in 
the Alps, the train ferries, and the arrival at Bohr’s institute in September 
1929, where I stayed until Christmas. 

Life at the institute in Blegdamsvej was quite unlike anything in Cam- 
bridge. In Cambridge in those days (not now!) the idea was that one worked 
in one’s college rooms. In Copenhagen one worked at the institute; we were 
in and out of each others’ rooms all day, as was Bohr too. Douglas Hartree 
was there; he kept his windows open, and Bohr did not like very much to 
talk in Hartree’s “Nordpol.” In Cambridge we stood in a queue to see 
Fowler when we needed him; in Copenhagen “How are you getting on?” 
was an almost daily question from Bohr as one met him casually in the 
building. And—I do not remember how often— Bohr would take his 
small group for Sunday walks in the forests north of the city, talking about 
everything under the sun. The group was a small one; people came in and 
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out, including the great ones, Heisenberg and Pauli; but Hartree and 
George Gamow were the only ones I remember as having been there all the 
time. Gamow was fresh from his triumph in explaining alpha particle 
decay, and I was rather jealous, having nothing to my credit but electron 
scattering according to Dirac’s relativistic equation. “Ah — Motti— you 
must make a theory of the alpha particle,” Gamow used to say after he had 
borrowed twenty-five ore from me to buy cigarettes. But I couldn’t do that, 
and went on with scattering problems. 

The first was the scattering of Dirac electrons with spin. The theory 
made it clear that the scattered wave would be partially polarized, and that 
this could be detected by a double scattering experiment. This intrigued 173 
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Bohr very much; I believe that he first wondered whether a fully polarized 
beam was possible. He showed me that a direct determination of the spin of 
a free electron could not be made; nor could a Stern-Gerlach experiment 
with free electrons — it would be frustrated by the uncertainty principle.’ 
Following Bohr’s thought on this was a wonderful education; it left me, I 
believe, with an instinctive faith, which no philosopher could shake, in the 
probability interpretation of quantum mechanics and with it the uncer- 
tainty principle, almost as if I’d learned it in my cradle. 

My next venture in Copenhagen was the use of antisymmetrical wave 
functions in collision problems. The idea was in a paper of J. R. Oppen- 
heimer’s, on collisions of electrons with atoms, an extension of Bohr’s 
theory. I went further on this by pointing out that the collisions between 
two free electrons would also be modified, and that, using an unpolarized 
target, the scattering through forty-five degrees of an unpolarized electron 
beam should give half as many scattered electrons as predicted by the 
Rutherford formula. It was Fowler who pointed out to me that alpha 
particles, having zero spin, obeyed Bose statistics, in contrast to the Fermi- 
Dirac law for electrons; and so for alpha particles scattered at forty-five 
degrees there should be twice as many as the Rutherford formula would 
predict. It was when I got back to Cambridge that Chadwick slowed down 
alpha particles to the point at which nuclear non-Coulomb forces became 
unimportant, and found that for the scattering of alpha particles by helium 
it was indeed so. For the electron case, I remember again how intrigued and 
at first skeptical Bohr was, and how we went round and round the subject 
till he was convinced. 

After my months in Copenhagen, I went to Gottingen, which was 
disappointing; Born was unwell, most of the founders of quantum me- 
chanics had left, and there, in contrast to Bohr’s institute, one paddled one’s 
own canoe. With my indifferent German at that time, it was hard to make 
contacts. Then I had a year at Manchester with W. L. Bragg and three years 
at the Cavendish Laboratory, living through the excitement of the discover- 
ies of 1932. I do not remember any contacts with Bohr at that time. In 1933 I 
was appointed to a chair at Bristol, and turned to what we now call 
solid-state physics — not deliberately, but because experimental work in 
progress there was very susceptible to treatment by the quantum-mechani- 
cal theories of Bloch, Peierls, and Wilson, so admirably set out already in 
Bethe’s article in the Handbuch der Physik. Apart from the war years, I have 
remained in solid-state science ever since. I remember a visit to 
Copenhagen —I think soon after the war, but it may have been before — 
during which Bohr asked me eagerly to tell him what great things were 
happening in solids. But we did not get around to this discussion. 

Everything I’ve done in solid-state physics has resulted from the confi- 


dence Bohr gave me that simple quantum mechanics is usable, beautiful, 
and intuitively right. 








Niels Bohr and the Physics 
of Simple Phenomena 


H. B. G. Casimir 


Niels Bohr was a daring and imaginative innovator, but many physicists of 
my generation see him first of all as a wise philosopher, pondering the very 
foundations of physical theory. They remember him either as tirelessly 
expounding his ideas, trying all the time — not always successfully —to 
reconcile clarity and truth, or, alternatively, as being lost in thought and 
hardly aware of the outside world. But during my stay in Copenhagen in 
1929 and 1930, I got to know an entirely different Niels Bohr, a man who 
could thoroughly enjoy simple things: a long walk in the country, a bicycle 
ride, a sailing trip with friends, a skiing holiday, playing ball with his sons, 
felling trees in the pine grove near his country house. 

He was fascinated by traditional crafts. For instance, he took me along to 
have a look at the digging of a deep well by a time-honored method. The 
well is lined with brick strengthened by wooden hoops. A ring is made 
above ground level, soil is excavated, and the ring goes down. A second ring 
is made on top of the first one; a man down in the pit excavates further; the 
sand is hoisted up and the two rings together go down. A third ring is 
added, and so on. It must be a somewhat scary experience to work deep 
down in the pit and to watch how the whole cylinder, which may finally be 
thirty meters or more in height, comes sliding down. I remember the face 
of the digger as he was hoisted up, laughing and shaking the sand from his 
hair, while Bohr asked him a number of questions. (I hope, but I am not 
certain, that I remember the technique correctly after all these years.) On 
another occasion, Bohr explained to me his admiration for the skill of the 
cooper. He was a pretty good handyman himself, but mainly on mechani- 
cal lines. As far as I know, he never tinkered with radio or other types of 
electronics. 


He also liked simple physics, of which I shall give a few examples. They 
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may seem fairly trivial, but I think there existed all the same a connection 
between his enjoying them and his gift for elucidating profound problems 
by considering simple — though subtle — examples. 

Close to Bohr’s institute there is a body of water about three kilometers 
long and some 150 or 200 meters wide: the Sortedamso. The footpath 
along its shore provided a modest but welcome opportunity for stretching 
one’s legs. One rather windy evening Bohr drew my attention to the fact 
that the reflections of lanterns on the other side of the lake were lengthened 
to long, luminous ribbons. Why weren’t they broadened as well? Of course, 
the answer is simple in principle, but I had some difficulty working out the 
details of the geometry involved without pen and paper. Sortedamsg@ is 
crossed by several bridges. One day when Bohr and I were passing over one 
of them he said, “Look, I'll show you a curious resonance phenomenon.” 
The parapet of the bridge was built in the following way. Stone pillars, 
about four feet high and ten feet apart, were linked near their tops by stout 
iron bars (or, rather more likely, tubes) let into the stone. Halfway between 
each two pillars an iron ring was anchored in the stonework of the bridge 
and two heavy chains, one on each side, were suspended between shackles 
welded to the top bar close to the stone pillars and the ring. Bohr grasped 
one chain near the top bar and set it swinging, and to my surprise the chain 
at the other side of the top bar began to swing too. “A remarkable example 
of resonance,” Bohr repeated. I was much impressed, but suddenly Bohr 
began to laugh. Of course resonance was quite out of the question; the 
coupling forces were extremely small and the oscillations were strongly 
damped. What happened was that Bohr, when moving the chain, was 
rotating the top bar, which was let into, but not fastened to, the stone 
pillars, and in that way he had moved the two chains simultaneously. I was 
crestfallen that I had shown so little practical sense, but Bohr consoled me, 
saying that Heisenberg had also been taken in; he had even given a whole 
lecture on resonance. That bridge became known in Bohr’s institute as the 
resonance bridge. But the bridge has since been broadened, and the parapet 
is no longer there. This little story is instructive. It illustrates how Bohr, the 
depth of his thought notwithstanding, kept close to physical reality and 
that he had a keen appreciation of orders of magnitude. I shall return to this 
point in a moment. 

Bohr’s first piece of research, on the determination of surface tension by 
the study of jets of liquids, was an experimental investigation — Bohr had 
made most of the equipment with his own hands — but it contained a good 
deal of theory. Was it because of this early work that he enjoyed showing 
how a table-tennis ball can float on top (or rather, almost on top) of a jet of 
water shooting up from a fountain? One more aspect of hydrodynamics: 
Bohr liked to skip flat pebbles on the surface of a lake or stream and to 
emphasize the importance of giving adequate angular momentum to the 
pebble so that it would maintain its orientation. 

As to angular momentum, many years later Bohr amused himself with 
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the so-called Tippetop, a little top of special design which you spin with 
your fingers and which — provided it is spinning sufficiently fast — will 
always end up rotating around the axis corresponding to the smallest 
moment of inertia and with its heaviest part up. (The same trick, as I was 
told, can be done with a hardboiled egg: spin it rapidly about a short axis 
while its long axis is horizontal and it will rise on its point, on its “narrow 
end.”) It so happens that the thesis with which I obtained my doctorate at 
Leiden in 1931, but on which I had already been working at Copenhagen, 
also dealt with spinning tops. I think the general theorems on groups and 
their representations that I deduced in that paper appealed less to Bohr than 
did the Tippetop in later years. “How is this rotation business coming 
along?” he would ask me from time to time, but out of kindness rather than 
out of real interest. 

Once we (I have forgotten who else was present; perhaps Gamow and 
Landau) discussed the famous one-way optical system proposed by Ray- 
leigh in 1885. The device works as follows: Two Nicol prisms (today one 
would use sheets of Polaroid) are placed at an angle of 45 degrees, and 
between them there is a substance in a longitudinal magnetic field which 
gives rise to a Faraday rotation of 45 degrees. The light traveling in one 
direction will go right through; light going in the opposite direction will 
be absorbed. In order to explain the geometry, books were placed on tables 
at the appropriate angles, and Bohr, using his fountain pen to indicate the 
polarization vector, walked to and fro between these “Nicols.” Bohr greatly 
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admired the work of Rayleigh, especially that on the resolving power of 
optical instruments. It certainly influenced his way of dealing with uncer- 
tainty relations. 

A feeling for orders of magnitude is characteristic of inventors. The 
successful inventors I have known have always had a number of rules of 
thumb that enabled them to make rapid estimates and thus kept their 
imagination within reasonable bounds. Bohr as a physicist was in this 
respect closer to the inventive engineer than many, more formalistic theor- 
ists. Why was it a reasonable approach in Bohr’s early treatment of the 
hydrogen atom (and also later in quantum mechanics) first to neglect the 
interaction with the radiation field? Because that interaction is small. Why 
is it small? Because the fine structure constant, @ = e?/hc, is small — 
approximately 37. In classical theory the emission of radiation leads to a 
reactive force 


E e*  —s e@# ; e* fa\? 
* 3 co a* \4)’ 


where a is the dimension of the atom, w the angular frequency of the 
electron in its orbit, and 4 the corresponding wavelength divided by 2z. In 
the simplest form of Bohr’s theory of the hydrogen atom we have a/4=a, 
and in more elaborate forms it is of the same order of magnitude. So the 
force of radiative reaction is of the order of a? times the Coulomb force — 
that is, smaller by a factor of the order of a million. That argument returns 
time and time again in Bohr’s discussions. 

Bohr also made me aware of the hierarchy of lengths in atomic physics. 
The formula e?/mc? represents the classical radius of the electron. Multiply 
by 1/a@ (that is, by 137) and you get fi/mc, the Compton wavelength divided by 
2m. Multiply once more by 1/a@ and you find h?/me?, the so-called Bohr 
radius. One more factor 1/@ leads to h>c/me*, the Rydberg wavelength 
divided by 42. And —a result seldom mentioned —one more factor 137 
gives you one micrometer to within 1 percent (0.9937 to be exact). 

Bohr liked to derive approximate formulas by very simple arguments. | 
remember the following: An electron is flying past a nucleus with charge 
Ze. What, according to classical mechanics, is the deflection? Of course, 
the basic solution (a hyperbolic orbit under a 1/r? force law) was obtained by 
Newton. Applied to the electron deflection problem, it gives the result that 
if @ is the total deflection, vp the initial velocity of the electron, and q the 
distance of the nucleus from the unperturbed trajectory, then we have 


@ Ze? 
an - =——. 

2 mUy*q 
But Bohr liked to argue as follows. The electron will strongly experience 
the field of the nucleus during a time g/UVo, and during that time the force 
perpendicular to the trajectory is about Ze?/q*. So the transverse momen- 
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tum imparted to the electron is about Ze?/qv, and the angle of deflection 
must be about Ze?/gmv,’. As it happens, the result is exact. 

If you are looking for striking applications of the simple theorem that the 
change of momentum is equal to force multiplied by time, you will find 
them in Bohr’s treatment of measurements. Take, for instance, his famous 
refutation of Einstein’s proposal to beat the relation dE- dt > h by weighing 
a box from which a light quantum is escaping at a time determined by a 
clock that opens a shutter. 

When I came to Copenhagen for the first time, in the spring of 1929, I 
was at once initiated in this art of discussing “Gedankenexperimente.” Bohr, 
at the conference that marked the beginning of my stay, gave a talk in which 
he showed that the magnetic moment of a free electron cannot be deter- 
mined by a Stern-Gerlach type of experiment, because of the uncertainties 
imposed by quantum mechanics.' Consider, for instance, the following 
arrangement (see figure). One pole of the magnet is a sharp wedge. Its 
symmetry plane is the z, y plane; its edge is along the y-axis. The other pole 
has the same symmetry but is much blunter. We may even assume that it is 
flat. The electron is supposed to enter the magnetic field in the symmetry 


Electron 5 








A Stern-Gerlach magnet arrangement for electrons. Actually, to prevent the electrons 
from being deviated sideways by the vertical magnetic field, a supplementary horizontal 
electric held or other counteracting agency would be required. In the lower diagram (end 
view) the cross in the circle indicates the position of the axis of the electron beam with 
respect to the magnet poles. 
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plane with a velocity parallel to the y-axis. The force on the magnetic 
moment will be given by 
eh OH, 


p= — «—=, 
™" 2mc oz 





However, if there is a field component H,,, this will lead to a Lorentz force 
in the same direction: 


v 
F,=—H,. 
c 


Now, according to Maxwell's equations, 
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Therefore, 

i = Bi, 


and, if we want to measure the spin, we must have 
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or dx <h/mv, and hence dp, > mv. This shows that the experiment is 
impossible. Later Bohr discussed with me several other arrangements but 
always with the same result. Some of them were quite complicated. As far as 
I remember they used additional electrical fields in order to compensate the 
Lorentz force, and it was very instructive to see how Bohr managed to 
analyze them without detailed calculations. 

A final remark, perhaps slightly out of line. During a visit to Copenha- 
gen a few years after the Second World War, I told Bohr about the results D. 
Polder and I had obtained for retarded Van der Waals forces and about a 
strikingly simple formula that holds in the limit of very long dis- 
tances.” Bohr looked at the formula, said something like, “That is nice, that 
is something new,” and added, “That is obviously a question of zero point 
energy.” This one short remark set me thinking along new lines. I am afraid 
I have hardly mentioned this impact of Bohr’s remark in my later publica- 
tions. But the influence of Bohr on myself, on innumerable physicists, on 
the whole world of physics has been so great and so profound that one 
cannot mention it all the time. In this little memoir I have tried to tell about 
some seemingly minor details that are nevertheless essential parts of a much 
greater whole. 








A Few Memories 


Edward Teller 





My earliest recollection of Niels Bohr goes back to my first visit to his 
institute in Copenhagen in 1929. At tea I was seated next to Bohr and, as a 
presumptuous novice, I began a conversation by speculating about the 
future. Said I, “Someday matrix mechanics will be the common way of 
thinking. This will indeed be a benefit because then the contradictions will 
disappear from the orderly discussions of science.” 

As I spoke, I noticed that Bohr’s eyelids slowly closed. Since he appeared 
to have fallen asleep, I tried to finish my little speech as rapidly as possible. 
There then followed an interval of what seemed to me an eternity but 
which was probably only twenty seconds. 

Bohr’s lips moved slowly, and in a barely audible tone, with his eyes still 
closed, he whispered, “You might as well say we are not sitting 
here at all but merely dreaming it.” 

A year passed before I understood and came to agree with what Bohr had 
said. Yet today I would append a twofold postscript to the incident. First, 
what I suggested in 1929 came to pass. Among physicists, Bohr’s ideas 
about classical measurements are rarely discussed. Perhaps, too many peo- 
ple take the mathematical formalism of quantum mechanics for granted, 
and too few of the new generation remember the deep and careful thought 
that went into describing the relationship between classical theory, with its 
strict causality, and the new insights. Bohr made a remarkable contribution 
to the balance that exists in the complementary concepts. 

The second postscript relates to a conference which took place about 
thirty years later in the Pocono Mountains of New York State. The topic 
was the theory of elementary particles, and Bohr made a statement which 
may yet prove true. He said, “We will never understand anything until we 
have found some contradictions.” 
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Let me close these remarks about the 
state of the theory by telling you of 
an exchange between Pauli and 
Bohr, after Pauli had given a 
colloquium on some ideas related to 
particle physics. Pauli to Bohr: “You 
will probably think that what I said 
is crazy.” Bohr to Pauli: “Yes, but 
unfortunately it is not crazy enough.” 
Abraham Pais, “Particles, Fields, 
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Today, in the arguments concerning the existence or nonexistence of 
quarks as independently extant particles, we are approaching contradic- 
tions. However, I doubt that we have as yet satisfied Bohr’s standards for a 
contradiction. 

Another of my memories is of a conference that was held in 1934 in 
Copenhagen, a meeting of philosophers which Bohr attended. Most of 
those gathered were positivists; and when Bohr presented his remarks, 
everyone agreed with him completely. The day after the conference, Bohr 
returned to the institute almost in despair. We were concerned, but the 
cause did not come out until Bohr explained. He said, “Whoever talks 
about Planck’s constant and does not feel at least a little giddy obviously 
doesn’t appreciate what he is talking about.” 

One final story is a purely personal one that took place at the institute in 
the early 1930s. Some of us, including Bohr, were having a discussion about 
the spectrum and states of molecular oxygen. Bohr had some opinions, the 
details of which I have now forgotten, but which were in obvious conflict 
with the facts that were known. In this special detailed case, I knew the 
situation and tried to explain it. Unfortunately, I could not do so to Bohr’s 
satisfaction. 

He began his objection: “Teller, of course, knows a hundred times more 
about this than I.” With a lack of politeness occasionally seen among 
twenty-year-olds, I interrupted (with some difficulty): “That is an exag- 
geration.” 

Bohr instantly stopped and stared at me. After a pause, he declared, 
“Teller says 1 am exaggerating. Teller does not want me to exaggerate. If I 
cannot exaggerate, I cannot talk. All right. You are right, Teller. You know 
only ninety-nine times more than I do.” He then proceeded with his 
original argument having dispensed with any possibility of further inter- 
ruption. 

I have never forgotten, nor have I often neglected to mention, Bohr’s 
wisdom: if you cannot exaggerate, you cannot talk. 


A Reminiscence from 1932 


C. F. von Weizsacker 


In the New Year of 1932 Werner Heisenberg visited our family for about 
ten days in Oslo, where, since the early summer of 1931, my father had been 
the German ambassador." I was studying in Leipzig, but had already visited 
my parents in Oslo in August 1931 and again at Christmas. To us, coming 
to Norway from Germany at the time of the economic crisis and the 
unemployment and the political agony of the Weimar Republic, Norway 
seemed an Isle of the Blessed, even though the inhabitants, the descendants 
of the Vikings and their bards, and the compatriots of Bjérnson, Ibsen, and 
Hamsun, did not always recognize that they lived in a paradise. 

On 7 January 1932, Heisenberg and I returned to Leipzig. In Copenha- 
gen he interrupted his journey for half a day to visit Niels Bohr. He 
telephoned in advance, asking if he might bring a student with him, and 
Bohr readily and cordially assented. That was my first meeting with him. 
Its consequences for me proved to be almost as important as my first 
meeting with Heisenberg five years earlier, also in Copenhagen. We sat in 
Bohr’s study at the institute. Bohr wished to talk to Heisenberg about the 
philosophical problems of quantum theory. Their conversation lasted for 
three hours while I sat in silence. Later I wrote in my diary, “I have seen a 
physicist for the first time — he suffers as he thinks.” 

Bohr was forty-five years old; Heisenberg was thirty; I was nineteen. For 
me, Bohr was an old man. He was of medium height, perhaps two centime- 
ters shorter than myself, with a slight stoop. There remained little of the 
former athlete in his appearance. His head, often bent thoughtfully and as if 
rather shyly, seemed to be split into two halves. There was his narrow high 
forehead under sparse gray hair that he would tug at while thinking, and 
from the furrowed brow one could see the enormous intensity of his 
thought. The lower part of the face was rather full, with thick lips and 
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In appearance, Niels Bohr reminded 
you of a peasant, with hairy hands 
and a big heavy head with bushy 
eyebrows. I still remember his eyes, 
which could hold you with all the 
power of the mind behind them; and 
then suddenly a smile would break 
over his face, turning it all into a 
joke. He was a yachtsman, he went 
skiing in the mountains of Norway, 
and I have seen him chop down 
trees, wielding a long-handled 
woodcutter’s axe with the strength 
and precision of a professional. 
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rather pendulous cheeks; here he looked like the ordinary friendly Dane. 
The frequent shy smile that illuminated his face would pull the two halves 
together. His eyes? I must tell a story about them. A year later I was 
returning, in Bohr’s company, from a skiing visit to Heisenberg. Bohr and I 
said goodbye in the Munich station although we were taking the same train 
to Berlin. He was traveling in a sleeping car in the front of the train, while I 
was sitting in third class at the back of the train, where I had learned to sleep 
quite well. At the Berlin station I had to go the whole length of the 
platform, and, arriving at the gates, I saw my mother in intimate conversa- 
tion with Bohr; this amazed me, since they had never met before. After- 
ward she explained to me: “I was simply looking for you, but then a man 
approached whose eyes I just had to look at, and I remembered pictures of 
Bohr and spoke to him and it was indeed he.” His eyes, deepset beneath 
bushy eyebrows, seemed to look straight at things and at the same time 
through them to an unfathomable distance. Yet with other people his eyes 
appeared shy and kind in a way which I had never seen elsewhere. I might 
also say a word about hands. Heisenberg was a slim blond young man and 
had the sinewy artistic hands of a pianist. Bohr had the rather fleshy, broad, 
strong, and sure hands of a woodcarver. 

The words “I have seen a physicist for the first time” were a provocative 
comment on Heisenberg. With him I existed in a state of tension such as 
can only arise when one is very close to another person. In Berlin in April 
1927, in a taxi, he told me of the uncertainty principle saying, “I think I 
have refuted the law of causality”; in that moment I decided to study physics 
to understand this. Now he was my tutor and my older friend. In all 
technical things in theoretical physics he was hopelessly superior to me; 
whenever he began to calculate, I stopped and waited for the result. But I 
found that he did not concern himself with the philosophical problems in 
physics for the sake of which I had been tempted by him to study the 
subject: neither the epistemological- ontological problems, nor the ethical 
ones concerning the intellectual dichotomy of life —to use Heisenberg’s 
own words, the dichotomy between “the things which mean something 
and the things about which one can reach agreement.” (For instance, music 
means something and on mathematics one can agree intellectually, yet they 
are very close to each other.) Iam quite sure that he liked me because I made 
demands that he should face these problems, but his attitude to them was 
pedagogic and defensive. He said, “Physics is an honest trade; only after you 
have learned it have you the right to philosophize about it.” 

In this situation, meeting Bohr was a liberation for me. Here was a 
physicist, acknowledged to be great, who, unlike all other physicists I had 
come to know, did not dodge the painful consequences of his understand- 
ing. Others were very proud when they succeeded in proving something; 
but either they did not notice or did not know the meaning of what they 
had proved, or they invented an epistemology whose psychological purpose 
was not to notice it, or they split their life into two halves and in the other 
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half they made music or something of that sort. Bohr knew it. His concept 
of complementarity was invented in order to be able to speak about these 
things. This was so, for instance, when he talked of the exclusive nature of 
the relationship between the analysis of a concept and its immediate use. He 
compared thinking with a Riemann surface which can be made intelligible 
to anonmathematician by the picture of a spiral staircase: one goes around 
the singular point (the axis of the staircase) and comes back to the same 
point on the surface but at a different level. This was an abstract theory that 
he could not easily formulate in words; it was at the same time an existential 
suffering. His stumbling way of talking, which has been so often described 
ina friendly but ironic way, would become less and less intelligible the more 
important the subject became, and this came from that suffering. He con- 
stantly appealed to the understanding of his partner in conversation, with 
very little hope of success but always with tireless optimism. On a later 
occasion he started a philosophical conversation with me by going to the 
blackboard and writing a single word: “Thinking.” Then he turned to me 
and said, “I only wanted to say that I have written down something here 
which is quite different from writing down any other word.” 

What Bohr spoke about to Heisenberg on that day in 1932 I no longer 
know. I can only sense the smell of it. In the first six months of 1932, as is 
understandable in a nineteen-year-old, everything for me was emotionally 
confused, not just this one connection. But in the ups and downs of the 
wave, a question constantly appeared and reappeared like a lighted buoy in 
the ocean: What had Bohr meant? What must I understand to be able to tell 
what he meant and why he was right? I tortured myself on endless solitary 
walks. With my youthful ambitions to be omniscient, I believed, after I had 
met Bohr, that now or never I must make the breakthrough to my personal 
philosophy. 

Around the twelfth of March that year I joined Heisenberg in his ski hut 
some half an hour’s climb from Bayrischzell in southern Germany. That 
year only the two of us were there, but the following year Niels Bohr and 
his son Christian were there, together with Felix Bloch. It was for me the 
first chance to get acquainted with Bohr’s philosophy of everyday life. The 
oft-told story of washing glasses I remember in this way: Bohr was looking 
proudly at some drinking glasses he had just washed, and said: “If one were 
to say to a philosopher that, using dirty water and a dirty cloth, one could 
clean dirty glasses, he would not believe it.” 

Our ski descent on that excursion I remember well. Heisenberg took 
eight minutes, Bloch took twelve, I took eighteen, and Bohr forty-five. In 
Danish woodlands one cannot learn alpine skiing, but Bohr never gave in. 

During the Whitsun vacation of 1932 Heisenberg and I went into the 
Thiringer Wald to the village of Brotterode, high above Gotha. We en- 
joyed long walks at night and, in the morning, the views over the mountain 
peaks; also, we were working hard. In January 1932 Chadwick had discov- 
ered the neutron. This caused a small revolution in Heisenberg’s expecta- 
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tion about the further development of physical theory. Bohr’s fundamental 
realization in 1912 was that the explanation of the stability of atoms re- 
quired not only a new model of the atom but also new basic laws of physics. 
In 1925, at the age of twenty-three, Heisenberg had given a definitive shape 
to these laws under the name of quantum mechanics. But both Bohr and 
Heisenberg expected rapid advances beyond this step, and believed then that 
the problem of how electrons could exist in the nucleus would require a 
new fundamental theory. Chadwick's discovery of the neutron led Heisen- 
berg to the idea that the nucleus consisted only of protons and neutrons, 
which meant that the nucleus could be described by the existing quantum 
mechanics. Thus, the stability of the nucleus was to be explained just the 
other way round from the way in which, twenty years before, Bohr had 
explained the stability of the outer atom: not by new fundamental laws, but 
simply by a new model. This was something of a disappointment in the 
premature hope for a new great revolution. 

My own research was on a much less interesting subject. I was torturing 
myself with a rather dull, and not very easy, piece of work for my doctoral 
thesis. One day I filled a scrap of paper with a sequence of sentences that | 
felt to be a direct inspiration. The first sentence that opened the gates was: 
“Consciousness is an unconscious act.” Not until thirty years later did I 
learn where this inspiration had originated. In 1962 a student of mine, 
writing a dissertation about Bohr, told me: “It is to be found in William 
James, and in the winter of 1931-32 Bohr was constantly reading James.” 

I next saw Bohr again in September 1932. Under the silky blue September 
sky of Copenhagen, he regularly organized a scientific conference at his 
institute; from 1932 to 1938 I took part in these. They were scientifically 
the most productive meetings that I have ever attended, and the most 
human of all. Every year Bohr invited four to six of his closest friends and 
pupils to the conference, and asked each to bring along one or two col- 
leagues. On the evening before the start of the conference, Bohr would 
invite the small circle of his friends to his flat and ask: “Well — what shall 
we talk about in the next few days?” So there were no prepared manu- 
scripts, and everything had the highest degree of topicality; and because the 
conference in those good early years had twice as many hours as partici- 
pants there was time to discuss every worthwhile problem. 

At the 1932 conference Bohr gave a fundamental report on the current 
difficulties of atomic theory. I do not remember the content, but I do 
remember the frustration of the participants about the well known unin- 
telligibility of his talk. With an expression of suffering, his head held to one 
side, he stumbled over incomplete sentences. Even the language that he used 
varied: it fluctuated between German, English, and Danish, and when the 
topic became quite important he mumbled with his hands in front of his 
face. We bad boys said he knew only three mathematical symbols: >, <, 
and ~ (‘much greater than,” “much less than,” and “just about the same”). 
That day for a time he had the chalk in his right hand and a sponge in his 


left; he would write down equations with the right hand and wipe them off 
almost at once with the left. Suddenly there sounded the forceful voice of 
his old friend Paul Ehrenfest: “Bohr! Give me the sponge!” With a rather 
pained smile Bohr handed the sponge to Ehrenfest, who kept it on his lap 
during the rest of the lecture. 

But then when someone else — say, Heisenberg, Dirac, or Pauli— gave a 
report, Bohr would interrupt him with questions which were wrapped in 
the gingerbread of his helplessly amiable way of talking: “That is very 
interesting!” . . . “I don’t intend to criticize; it is only to learn that I 
ask” . . . “We are in much greater agreement than you think.” (With 
quite silly people he would just sit resignedly and say, “Oh, sehr, 
sehr . . . ”) And then in the course of a couple of hours everything would 
become relentlessly clear. 

I should like to insert here a recollection from a somewhat later time. At 
the 1933 Copenhagen conference the British physicist E. J. Williams re- 
ported on a method for making an approximate calculation of scattering 
cross-sections at high energies. There were long discussions of improve- 
ments on the Williams method, and several people took part, among them 
Lev Landau from Russia and myself. After all the others had left, Bohr 
asked me to write down the results of the discussion in a paper. He also 
wrote about it to Landau, who was quite inexhaustibly aggressive in oral 
discussion. Landau answered, after six weeks, with a letter which was one 
sentence long. Bohr showed me the letter and said, “Landau doesn’t seem to 
write as much as he speaks.” I wrote up the paper in the course of some 
weeks and gave it to Bohr’s secretary. Bohr himself could not be seen very 
much, since at that time he was very absorbed and busy in advisory work 
for the Danish government in tireless attempts to help German refugees. 

After a fortnight an interview with Bohr was arranged. He was late and 
looked infinitely tired. He pulled the paper from the pile and said “Oh, very 
good, very good; that is a very nice piece of work, now everything is 
clear . . . [hope that you will publish it soon!” I thought to myself, “The 
poor man! He probably has had almost no time to read the paper.” He 
continued: “Just to clarify something, what is the meaning of the formula 
on page 17?” I explained it to him. Then he said “Yes, I understand that, but 
then the footnote on page 14 must mean . . . so and so.” “Yes — that is 
what I meant.” “But then . . . ” And so it went on. He had read every- 
thing. After an hour he was getting fresher all the time, and I came to a 
point where I had difficulty with an explanation. After two hours he was 
flourishingly fresh and complete master of the situation, full of naive 
enthusiasm, while I felt that I was getting tired and was being driven into a 
corner. In the third hour, however, he said, triumphantly but without any 
trace of malice, “Now I understand it, now I understand the 
point . . . The point is that everything is exactly the opposite of what you 
said — that’s the point!” With due reservations about the use of the word 
“everything,” I agreed that it was so. When one has had such experiences 


A Reminiscence from 1932 





From one of the early colloquia the 
scene of a discussion between Bohr 
and Landau is imprinted on my 
mind: Bohr bending over Landau in 
earnest argument while Landau 
gesticulated at him, lying flat on his 
back on the lecture bench (neither 
seemed to be aware of the unconven- 
tional procedure), 
© R. Frisch, “The Interest Is 
Focusing on the Atomic Nucleus,” 
1967 
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Title page of the “Copenhagen 
Faust.” The motto ascribed to Bohr 
(“Not to criticize . . .”) was his 
usual prelude to an assault on an idea 
or a theory that he considered 
unsound. 
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REGIE: Stossbrigade des Institut for 
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fq. OL F644 


Nicht um zy krilisieren 


Ni. bobn. 


Ade 


with one’s teachers several times, one has learned something that cannot be 
learned in any other way. 


The year 1932 was the hundredth anniversary of the death of Goethe. The 
conference that year ended with a little play, essentially by Max Delbriick, 
which was a parody of Faust, applied to current theoretical physics. 
There was a Walpurgisnacht, a classical one and a quantum-theoretical 
version; and because we were celebrating the discovery of the neutron, there 
was at the end the “Eternal Neutral.” The prologue began in heaven. Three 
archangels appeared in the masks of the astrophysicists Arthur Eddington, 
James Jeans, and E. A. Milne. 
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The three “archangels” (from left: Eddington, Milne, Jeans). 


“Eddington” began: 


As well we know, the Sun is fated 

In polytropic spheres to shine; 

Its journey, long predestinated, 

Confirms my theories down the line . . . 


After presenting their arguments the three astrophysicists addressed “God 
the Lord,” saying in unison: 


The vision of you brings elation 

(Though none of us can understand). 

As on their day of publication 

Your brilliant works are strange and grand. 


Near them, on a lecture-room bench, was a high stool, and on it was a 
draped figure. At this point the sheet was lifted and revealed the Lord God, 





Mephistopheles in the person of Wolfgang Pauli. 
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wearing a top hat. It was the person of Felix Bloch, but the mask was 
unmistakably the face of Niels Bohr. Mephistopheles was equally unmis- 
takably meant to represent Wolfgang Pauli and was acted by Léon Rosen- 
feld, who jumped on the table, sat down at the feet of the Lord, and began: 


Since you, O Lord, yourself have now seen fit 

To visit us and learn how each behaves, 

And since it seems you favor me a bit, 

Well, now you see me here [turns to the audience| —among the slaves. 


I am not going to repeat the whole text, but that is how it started.? Our 
laughter about Bohr was the escape route which enabled us to say that, 
although often we could not understand him, we admired him almost 
without reservation and loved him without limit. 





The Como Lecture 


In what is generally known as “the Como lecture,” Bohr presented an 
extensive survey of the current state of quantum theory. The lecture was 
actually delivered twice: first on 16 September 1927 at the conference held 
in Como, Italy, in commemoration of the great physicist Alessandro Volta; 
and again shortly afterward at the Fifth Solvay Conference, held in Brussels 
from 24 to 29 October. The latter occasion marked the beginning of the 
second phase of the Bohr-Einstein dialogue on the fundamentals of the 
quantum-mechanical description of nature (ee “The Bohr-Einstein Dia- 
logue”). 

In the body of this long lecture, published in Nature in 1928,’ Bohr dealt 
with the following topics: the quantum postulate and causality, quantum of 
action and kinematics, measurements in quantum theory, the correspon- 
dence principle and matrix theory, wave mechanics and the quantum 
postulate, the reality of stationary states, and the problem of elementary 
particles. We reproduce here the opening of the lecture, as Bohr delivered it 


in Como.? 
A.P.F. 


be 


Although it is with great pleasure that I follow the kind invitation of the 
presidency of the congress to give an account of the present state of the 
quantum theory in order to open a general discussion on this subject, which 
takes so central a position in modern physical science, it is with a certain 
hesitation that I enter on this task. Not only is the venerable originator of 
the theory [Max Planck] present himself, but among the audience there will 
be several who, due to their participation in the remarkable recent develop- 
ment, will surely be more conversant with the details of the highly devel- 
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oped formalism than I am. Still I shall try by making use only of simple 
consideration and without going into any details of a technical mathemati- 
cal character to describe to you a certain general point of view which I 
believe is suited to give an impression of the general trend of the develop- 
ment of the theory from its very beginning and which I hope will be 
helpful in order to harmonize the apparently conflicting views taken by 
different scientists. No subject, indeed, may be better suited than the quan- 
tum theory to mark the development of physics in the century passed since 
the death of the great genius whom we are here assembled to commemo- 
rate. At the same time, just in a field like this where we are wandering on 
new paths and have to rely upon our own judgment in order to escape from 
the pitfalls surrounding us on all sides, we have perhaps more occasion than 
ever at every step to be remindful of the work of the old masters who have 
prepared the ground and furnished us with our tools. 
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New Problems in Quantum Theory. 


| Tal tence years have elapsed since Niels Bohr 

first published a series of papers which were 
the beginning of a new epoch in the development 
of the quantum theory. Adopting the atomic 
model proposed by Rutherford, in which electrons 
circle round a massive nucleus under the action of 
a Coulomb force of electric attraction, Bohr gained 
immediate success in interpreting the spectrum of 
hydrogen and of ionised helium, For his purpose 
he was compelled to assume the existence of 
‘stationary states,’ and the emission of mono- 
chromatic radiation in the transition between two 
such states of an atomic system. 

In one sense the new method raised as many 
difficulties as it removed, and to some of the more 
conservative physicists the account of Bohr’s atom 
read like a fairy tale. Further progress in the 
interpretation of line Te ait was made through 
the generalisations of Wilson and Sommerfeld, but 
in spite of the inclusion of a widening circle of facts 
and the fulfilment of predictions, it came to be 
realised that a more radical procedure was necessary 
before a consistent and complete theory could be 
evolved. In the forward movement few have been 
more active than Bohr himself. 
of a spinning electron by Goudsmit and Uhlenbeck 
removed many discrepancies, and it seems as if 
some form of magnetic electron is likely to be 
accepted as a fundamental constituent of an atomic 
system, The magneton of 8. B. McLaren with 
its quantum of angular momentum may be re- 
garded as the prototype of all such magnetic 
electrons. 

Within the last few years the matrix mechanics 
of Heisenberg, Born, and Jordan, the quantum 
algebra of Dirac, and the undulatory mechanics of 
sishebdingss, have led to remarkable theoretical 
developments. The new wave mechanics gave rise 
to the hope that an account of atomic phenomena 
might be obtained which would not differ essentially 
from that afforded by the classical theories of 
electricity and magnetism. Unfortunately, Bohr’s 
statement in the following communication of the 
principles underlying the description of atomic 
phenomena gives little, if any, encouragement in 
this direction. 7 

In classical mechanics it is assumed that the 
position of a particle (such as an electron) can be 
determined at a specified instant of time by means 
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ticle through s , or to determine its ‘ world 
line’ in the our-dimensional world. Further, 
it is assumed that the concept of causality may 
be applied in considering the effect of the action 
of external forces. Thus in classical physics we 
have a causal space-time co-ordination, based on 
the assumption that the methods or tools of 
measurement do not affect the phenomena which 
are observed. 

In the new quantum theory the outlook is 
changed, for any attempt to observe the position 
or motion of an electron involves illumination by 


| light, and this implies interaction between the 


electron and the light employed in making the 
measurement. The position and the path of an 
electron become vague. Thus there is introduced 
in the new quantum mechanics an indefiniteness 
which contrasts with the clear-cut concepts of 
classical mechanics. Bohr asserts that in any 
phenomenon which we may attempt to observe 


there is an essential discontinuity, or rather indi- 


viduality, which may be symbolised by Planck’s 


constant A. The causal space-time co-ordination 


of atomic phenomena must on this view be aban- 
doned, and we are left with a somewhat vague 
statistical description. 

The strange conflict which has been 1 
between the wave theory of light and the light 

uantum hypothesis has resulted in a remarkable 
ec. But now we have a parallel dilemma, 
for a material particle manifests some of the attri- 
butes of wave motion. Can these apparently con- 
tradictory views be reconciled? According to 
Bohr, the pictures ought to be regarded not as con- 
tradictory but as complementary. Radiation in 
free space is not open to observation, and is a mere 
abstraction, An isolated material particle likewise 
can never be observed and is also an abstraction. 
It is only through their interaction with other 
systems that the properties of these abstractions 
can be defined and observed. 

It must be confessed that the new quantum 
mechanics is far from satisfying the requirements 
of the layman who seeks to clothe his conceptions 
in figurative language. Indeed, its originators 
probably hold that such symbolic representation 
is inherently impossible. It is earnestly to be 
oe that this is not their last word on the 
subject, and that they may yet be successful in 


of its co-ordinates. As the time varies it is sup- | 


expressing the quantum postulate in picturesque 
posed to be possible to trace the path of the par- | 


form, 


Introduction by A. S. Allen to the text of Bohr’s Como lecture. The brief essay gives an 
interesting and informative summary of the state of theoretical physics at that time. 


IV. IN THE WORLD 
OF NUCLEAR PHYSICS 


Niels Bohr and Nuclear Physics 


Roger H. Stuewer 
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Niels Bohr was never far from nuclear physics; his friendship with Ernest Roger Stuewer began his career as a 
Rutherford guaranteed that. He was a twenty-six-year-old postdoctoral _ nuclear physicist. He is now Profes- 
student at Cambridge when he first saw Rutherford in the fall of 1911,and °F of the History of Science and — 
; : ‘ Sake ae Technology at the University of Min- 
was immediately captivated by Rutherford’s “great human personality.” A \dinnieapotis. 
short time later he talked with Rutherford in Manchester at the home of | 
Lorrain Smith, a colleague and friend of Bohr’s recently deceased father. 
The die was cast. Bohr transferred from Cambridge to Manchester in 
March 1912. He returned to Copenhagen in July to marry Margrethe 
Norlund, and in August he introduced his bride to the Rutherfords on his 
wedding trip. 
Thus began a friendship that deepened increasingly over the next 
quarter-century, until Rutherford’s death on 19 October 1937. Rutherford 
became almost a second father to Bohr, and when Bohr learned of Ruther- 
ford’s death he left the Galvani meeting in Bologna and traveled immedi- 
ately to England, where he was asked to stand with the family at Ruther- 
ford’s grave in Westminster Abbey. Two weeks later, Peter Kapitza told 
Bohr, in an extraordinarily moving letter from Moscow, that he always had 
been a little jealous of Bohr, because he sensed that Rutherford had liked 
Bohr most of all of his pupils. Bohr’s next to last publication was his 
Rutherford Memorial Lecture.’ 
From the beginning, Bohr kept abreast of developments in nuclear phys- 
ics. During his stay in Manchester he came to realize, particularly through 
discussions with George de Hevesy, that Rutherford’s nuclear atom, pro- 
posed less than a year earlier, implied that a sharp distinction could be 
drawn between phenomena associated with an atom’s electronic distribu- 
tion and those associated with its nucleus. He concluded that the nuclear 


charge would change by fixed amounts in radioactive alpha decay and beta 197 
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decay, and that the nuclear mass, but not the charge, could be changed by 
adding or subtracting electron-proton pairs. Rutherford dissuaded Bohr 
from publishing these ideas because he felt they still rested upon too inse- 
cure an experimental foundation, but their subsequent vindication offered 
clear proof of Bohr’s penetrating mind. The same was true for Bohr’s 
analysis, stimulated by a paper written shortly before by C. G. Darwin in 
Manchester, of the slowing down of charged particles when passing 
through matter. This seminal work was published,? and it constituted a 
milestone on the road to Bohr’s discovery of his atomic model early in 1913. 

The avenues of research opened up by that discovery commanded Bohr’s 
attention for the next two decades, but they were by no means his exclusive 
concern. Bohr discussed many questions in nuclear physics with Ruther- 
ford during a second extended stay in Manchester in the early years of the 
First World War, from the autumn of 1914 to the summer of 1916. Further- 
more, after Rutherford moved to Cambridge in 1919, Bohr visited him 
almost every year, while Rutherford went twice to Copenhagen, first at the 
opening of Bohr’s institute in 1920, and again in 1932. Information was 
also exchanged through visits of Bohr’s and Rutherford’s colleagues; and if 
that were not enough, Bohr and Rutherford wrote to each other frequently: 
some 170 letters were exchanged in the quarter-century between 1912 and 
1937. 

That, of course, was only a small fraction of Bohr’s total correspondence. 
Wolfgang Pauli, Werner Heisenberg, and virtually every other atomic and 
nuclear physicist of the period exchanged letters, in some cases hundreds of 
them, with Bohr. Moreover, beginning in 1929 Bohr organized small 
conferences in Copenhagen. Thus, even though Bohr did not publish on 
nuclear physics throughout most of the 1920s, he possessed a thorough 
knowledge of developments in the field, and his prodigious memory and 
style of work —constant discussion, analysis, drafting and redrafting of 
manuscripts — enabled him to respond with deep understanding to funda- 
mental challenges and problems as they arose. 

Bohr was drawn unexpectedly into nuclear physics in 1928. In June of 
that year, twenty-four-year- old George Gamow left Leningrad and arrived 
at Max Born’s institute in Gottingen, where he came across a paper of 
Rutherford’s in the physics library. In that paper, published in the Sep- 
tember 1927 issue of the Philosophical Magazine, Rutherford had proposed 
an essentially classical theory of alpha decay, and before Gamow had put the 
paper down he saw that Rutherford’s theory was incorrect: alpha decay had 
to be understood as a quantum-mechanical tunneling process. That same 
conclusion was reached independently and virtually simultaneously by R. 
W. Gurney and E. U. Condon at Princeton. It constituted the first proof 
that the ordinary laws of quantum mechanics, which had recently been 
formulated, apply to nuclear as well as to atomic phenomena. 

Gamow brought this news to Bohr personally at the end of August 1928. 
Impressed by Gamow’s work, and by Gamow personally, Bohr arranged 
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fellowship support to enable Gamow to spend the entire academic year 
1928-29 in Copenhagen. Bohr also made arrangements for him to visit 
Rutherford in Cambridge for about a month in January and February of 
1929. Gamow thrived in both places. Even before visiting Cambridge, he 
had extended his theory to the inverse case in which charged particles 
penetrate a nucleus from the outside — an extension that helped stimulate J. 
D. Cockcroft and E. T. S. Walton to build a proton accelerator at Cambridge 
and disintegrate the lithium nucleus in 1932. Gamow also conceived the 
liquid-drop model of the nucleus during his first months in Copenhagen. 
Bohr unquestionably understood this idea immediately owing to his famil- 
iarity with surface-tension phenomena from his prize-winning research in 
this field as a student. Gamow discussed his Tripfchenmodell with Paul 
Ehrenfest in Leiden en route to Cambridge, and with Rutherford after his 
arrival there. Rutherford invited Gamow to present the model, as well as his 
theory of alpha decay, at a meeting of the Royal Society in London on 
February 7. Subsequently, in 1930, Gamow applied his liquid-drop model 
to a calculation of nuclear mass defects and an analysis of nuclear stability, 
which attracted the attention of, among others, C. F. von Weizsacker, who 
in 1935 utilized and extended Gamow’s work in proposing his semiempiri- 
cal nuclear-mass formula.’ 

By the end of 1928 another fundamental problem had arisen in nuclear 
physics: How should the bewildering behavior of the electrons in nuclei be 
understood? In 1926, following George Uhlenbeck and Samuel Goudsmit’s 
discovery of electron spin, Ralph de Laer Kronig pointed out that if elec- 
trons were present in nuclei along with protons, as generally assumed, they 
should possess the same magnetic moment as those in atoms. Hence, they 
should produce hyperfine spectral-line splittings as large as ordinary Zee- 
man splittings, in flat contradiction to observation. Two years later, 
Kronig also noted certain measurements suggesting that the nitrogen nu- 
cleus, with a net charge of 7 units, possessed a total spin of 1 (in units of 
h/2n), whereas its composition out of 14 protons and 7 electrons implied 
that it should possess half-integer, not integer spin. 

This contradictory behavior became even more flagrant as other puzzles 
emerged. For example, the calculated energy of an electron confined to 
nuclear dimensions, as estimated from Heisenberg’s uncertainty principle, 
greatly exceeded known nuclear-binding energies. Actually, it appears that 
this dificulty was not widely appreciated prior to about 1930. Another one, 
however, was well known; this was the so-called Klein paradox, discovered 
by Oskar Klein in Copenhagen at the end of 1928. This paradox may be 
formulated as follows: How can an electron be confined within a nuclear 
potential well if, as follows from the Dirac equation of the electron, any 
electron of sufficiently high energy impinging upon a high and steeply 
rising potential barrier has a high probability of escaping simply by being 
transformed from a particle of positive mass into one of negative mass? The 
clarity and precision of this paradox led Bohr and others to debate its 


In wave mechanics there are no 
impenetrable barriers, and, as the 
British physicist R. H. Fowler put it 
after my lecture on that subject at 
the Royal Society of London . . . 
“Anyone at present in this room has 
a finite chance of leaving it without 
opening the door—or, of course, 
without being thrown out of the 
window.” 
George Gamow, 
My World Line, 1970 
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Pauli wrote a letter to 
Bohr . . . which contained a 
number of penetrating questions. 
Bohr did not teel that he could 
answer that letter easily. He was 
working on other things, so he asked 
Mrs. Bohr to write Pauli a nice letter 
with some family gossip and to 
explain that he himself would write 
on Monday. Three or four weeks 
later there came a kind letter from 
Pauli to Mrs. Bohr, thanking her for 
the letter and saying that her 
husband had been very wise in 
saying that he would write on Mon- 
day without specifying on which 
Monday. But, Pauli added, “He 
should not in any way feel tied to 
write on a Monday; a letter written 
on any other day would be equally 
welcome.” I have some reason to 
believe that that letter of Pauli’s 
which Bohr was going to answer on 
Monday was a letter containing the 
first suggestion of the neutrino as a 
means to solve the problem of 
apparent nonconservation of energy. 
H. B. G. Casimir, 
“Some Recollections,” 1977 
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meaning intensely, both privately, in conversations and in correspondence, 
and publicly, in the literature. 

Yet another closely related and puzzling fact was established by C. D. Ellis 
and W. A. Wooster at the Cavendish Laboratory in 1927: beta particles 
(electrons) are not emitted from radioactive nuclei with discrete energies; 
rather, they are emitted directly with a continuous distribution of energies 
up to some maximum value. Bohr became increasingly convinced that this 
observation meshed with the other puzzles associated with nuclear elec- 
trons, and he proposed a bold solution: he argued that to account for them, 
an entirely “new physics” would have to be developed whose laws lay 
outside those of the “existing quantum physics.” By mid-1929 he became 
more specific. He became convinced that the ordinary laws of conservation 
of energy and momentum would have to be relinquished in this new 
physics. This was, in fact, an old idea of Bohr’s, one which even predated 
the Bohr-Kramers-Slater paper of 1924, where it found its most influential 
expression. Bohr knew, however, that in 1929 he could not simply resurrect 
that idea, which had been disproved by direct experiments. Rather, he 
emphasized that he was not calling for an abandonment of the conservation 
laws in “ordinary quantum theory.” Instead, the limit of validity of the 
conservation laws would coincide with the limit of applicability of ordi- 
nary quantum theory. 

While Heisenberg embraced Bohr’s ideas and Gamow increasingly 
questioned them, Pauli, P. A. M. Dirac, and Rutherford opposed them from 
the start. Pauli conveyed his opposition to Bohr by letter as early as 17 July 
1929: Rutherford did the same on November 19; and Dirac soon followed. 
Rutherford, for example, told Bohr bluntly: “I have heard rumors that you 
are on the war path and wanting to upset Conservation of Energy, both 
microscopically and macroscopically. I will wait and see before expressing 
an opinion, but I always feel ‘there are more things in Heaven and Earth 
than are dreamed of in our Philosophy.’” 

Bohr was undeterred; he continued to explore the ramifications of non- 
conservation. From 27 April to 4 May 1930, he delivered the Scott Lectures 
in Cambridge, and on May 8 the Faraday Lecture in London. An expanded 
version of the latter, a tour de force, appeared in print two years later.‘ Its 
final section was devoted to nuclear physics. In it Bohr maintained that at 
present “we may say that we have no argument, either empirical or theoret- 
ical, for upholding the energy principle in the case of -ray disintegrations, 
and are even led to complications and difficulties in trying to do so.” 

That was the challenge to which Pauli responded. On 4 December 1930, 
in a letter addressed principally to Hans Geiger and Lise Meitner, he very 
tentatively suggested that the emission of an electron in beta decay might be 
accompanied by the emission of what he called a “neutron” of spin 4 and 
finite mass (on the order of the mass of the electron) “in such a way that the 
sum of the energies of neutron and electron is constant.” He discussed this 
idea again in Pasadena and Ann Arbor in mid-1931, and in Rome in Oc- 


tober 1931 at another conference organized by Enrico Fermi. This confer- 
ence was the first international conference devoted specifically to nuclear 
physics. Bohr also attended, and during the course of it he and Pauli 
directly debated the validity of the conservation laws in beta decay, without 
coming to agreement. 

A few months later, the entire field of nuclear physics was transformed. 
Between the end of 1931 and the end of 1932, deuterium, the neutron, and 
the positron were discovered, and the Cockcroft-Walton accelerator and 
cyclotron were invented. It became possible to carry out entirely new 
experiments, and to invent entirely new theories of nuclear structure. James 
Chadwick’s discovery of the neutron in February 1932 became particularly 
significant in both respects. By the time the second international confer- 
ence on nuclear physics was held —the Seventh Solvay Conference, which 
met in October 1933 in Brussels —the face of nuclear physics had been 
altered fundamentally. 

The face of Europe, too, had changed. Adolf Hitler had become chancel- 
lor of Germany on 30 January 1933, and a few months later, on April 7, the 
Nazi Civil Service Law went into effect, sending tens of thousands of 
Jewish citizens, including over a thousand scholars, into permanent exile. 
Bohr had opened his institute in Copenhagen as an international center of 
research more than a decade earlier, and now, in 1933, former visitors, and 
many others whom he had never seen before, appealed to him for help. Felix 
Bloch and Victor Weisskopf were among those who received offers of new 
positions in the United States while staying temporarily in Copenhagen. 
But many more experienced Bohr’s deep humanitarianism as well. 

In October 1934 Ernest Rutherford opened the third international con- 
ference on nuclear physics, held in London and Cambridge. By that time a 
number of basic questions, which had been unresolved only a year earlier at 
the Solvay Conference, had been settled. One concerned the nature of the 
neutron. Chadwick, its discoverer, being strongly influenced by a model 
that Rutherford had proposed in 1920, had been inclined to regard the 
neutron not as a new elementary particle but as an electron-proton com- 
pound. Werner Heisenberg, in his fundamental theoretical papers of 1932, 
had straddled the fence on this question. The first step toward its resolution 
was taken by Frédéric and Iréne Joliot-Curie, who presented calculations 
and cloud-chamber photographs at the 1933 Solvay Conference from which 
they concluded that the mass of the neutron is slightly greater than the mass 
of the proton, not less, as Chadwick believed. Later, in mid-1934, Chadwick 
himself, following up an idea of Maurice Goldhaber’s, and with Gold- 
haber’s assistance, came to this same conclusion on the basis of their pio- 
neering deuteron-photodisintegration experiments. It followed that the 
neutron indeed is an elementary particle, but one which could decay, so it 
seemed, into a proton and an electron. 

That conclusion itself had to be revised in light of the fundamental 
theory of beta decay developed by Enrico Fermi. At the 1933 Solvay Confer- 
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Participants in the Seventh Solvay Conterence, Brussels, October 1933. 
Seated, from left: Erwin Schrodinger, Irene Joliot-Curie, Niels Bohr, Abram Jofté, Marie Curie, Paul Langevin, 
O. W. Richardson, Ernest Rutherford, Théophile De Donder, Maurice de Broglie, Louis de Broglie, Lise Meitner, James Chadwick. 
Standing: Emile Henriot, Francis Perrin, Frédéric Joliot-Curie, Werner Heisenberg, H. A. Kramers, Ernest Stahel, Enrico Fermi, 
E, T. S. Walton, P. A. M. Dirac, Peter Debye, N. F. Mott, Blas Cabrera, George Gamow, Walther Bothe, P. M. S. Blackett (at 
back), M. 8. Rosenblum, Jacques Errera, Edmond Bauer, Wolfgang Pauli, J. E. Verschaftelt, Max Cosyns (at back), Edouard Herzen, 
J. D. Cockcroft, C. D. Ellis, Rudolf Peierls, Auguste Piccard, Ernest Lawrence, Léon Rosenfeld. 
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ence, Pauli again proposed the existence of his new neutral particle, which 
he now called, following a suggestion of Fermi’s, a “neutrino.” The emis- 
sion of this particle along with an electron in beta decay, Pauli argued at 
some length, would permit the preservation of the conservation laws, as 
opposed to the view of Bohr (who was also in the audience). Stimulated by 
Pauli’s remarks, Fermi placed Pauli’s hypothetical neutrino, now consid- 
ered to be a particle of spin ¥2 but of negligible or zero mass, at the heart of 
his theory of beta decay. He assumed that inside the nucleus a neutron can 
decay into a proton, an electron, and a neutrino, thereby creating the 
observed beta-decay electron and at the same time preserving the conser- 
vation laws. Fermi submitted his theory for publication in January 





Enrico Fermi walking with Bohr on 
the Appian Way, near Rome, in 1931. 
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1934.5 Bohr, initially skeptical, overcame his doubts over the next two years 
and abandoned his nonconservation views. 

Just as Fermi was submitting his theory of beta decay for publication, the 
Joliot-Curies astonished physicists every where by reporting, on 15 January 
1934, their discovery of artificial radioactivity: alpha particles incident 
upon aluminum 27, they found, produce not a stable new nucleus but a 
radioactive isotope of phosphorus. No response to their discovery was 
more fruitful than Fermi’s. If alpha particles could produce such remark- 
able new effects, might not neutrons do the same? Enlisting the help of his 
team in Rome, Fermi bombarded element after element of increasing 
atomic number, all without success — until fluorine was inserted. At that 
point his primitive Geiger-Miiller counter responded, indicating that an 
isotope of nitrogen had been produced through an (n, @) reaction and then 
underwent beta decay. That was in March 1934. Fermi considered this 
discovery so significant that he chose to report on it, rather than on his new 
theory of beta decay, at the London-Cambridge conference in October. 

Bohr did not attend this conference. He and his family were in deep 
mourning following the loss of his oldest son, Christian, ona sailing trip at 
sea. By the time he recovered sufficiently to resume work, Fermi had made 
another astonishing discovery. On the morning of 22 October 1934, Fermi 
suddenly and inexplicably decided to substitute a parafin wax filter for one 
of lead between his neutron source and target element —and observed 
enormously increased activity. By the afternoon Fermi understood: the 
incident neutrons had been slowed down greatly through collisions with 
protons inside the paraffin filter, and these slow neutrons, for some still 
unknown reason, were much more efficient in producing artificial radio- 
activity than fast ones. Among the elements exhibiting this behavior was 
uranium, the heaviest naturally occurring element. By adding a neutron to 
a uranium nucleus, a heavier isotope of uranium would be produced which 
then could undergo beta decay, yielding a new nucleus one unit higher in 
atomic number. Thus, it was both experimentally and logically supportable 
for Fermi to conclude that, in this case, he had produced a transuranic 
element. 

Fermi’s experiments, begun in 1934 and continued in 1935, exerted a 
direct influence on Bohr. They led Bohr in large measure to make his most 
significant contribution to nuclear physics in this period: his theory of the 
compound nucleus. On the basis of Bohr’s published and unpublished papers 
and J. A. Wheeler’s and O. R. Frisch’s retrospective accounts, Rudolf Peierls 
has arrived at a plausible reconstruction of the development of Bohr’s 
thought on this subject. It appears that three seminars in Copenhagen 
punctuated the development. The first consisted of a lecture by H. A. Bethe 
in September 1934 in which Bethe presented a single-particle theory of 
nuclear reactions —a theory that left Bohr intuitively dissatisfied. Eight 
months later, in April 1935, a second seminar on Fermi’s latest experiments 
was given by Christian Moller, who had just returned to Copenhagen from 
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Rome. This seminar was witnessed by Wheeler, who vividly described 
how Bohr, after about a half hour, suddenly took the floor and offered a 
new interpretation of Fermi’s results. This seminar was followed by a third 
one at the end of 1935 which involved a similarly dramatic interruption by 
Bohr as witnessed by Frisch. Thus, the pieces of the puzzle evidently fell 
into place in Bohr’s mind between September 1934 and the end of 1935, 
although the precise way in which they did remains unknown. What is 
known, however, is the end result: Bohr saw that Fermi’s large slow-neu- 
tron capture probabilities meant that the incident neutron was not inter- 
acting with a single nuclear particle in the target element. Rather, it was 
interacting with a large number of them, undergoing repeated collisions, 
and thus forming a long-lived compound nucleus consisting of the incident 
neutron plus target nucleus. This compound nucleus then, in a second 
distinct stage, would lose its energy of excitation by decaying in any one of 
several freely competing ways, such as by emitting gamma radiation, or by 
the expulsion of a neutron through the chance concentration of energy on 
one close to the nuclear surface. 

Bohr saw that he held the key to a general theory of nuclear reactions. 
The formation of such a semistable compound nucleus accounted for the 
striking tendency of charged particles to react with nuclei as soon as they 
established contact with them. It accounted for Fermi’s high slow-neutron 
capture probabilities, and the fact that the capture probability increases as 
the neutron velocity decreases, as Fermi and his coworkers had also ob- 
served. It explained how, in decaying, the compound nucleus could live 
long enough for radiative (gamma-ray) transitions to dominate over neu- 
tron emission, as observed. Finally, it accounted for the observation by 
Fermi and others that when slow neutrons strike intermediate to heavy 
target nuclei, many sharp “resonances,” closely spaced in energy, are pro- 
duced. Bohr saw that during the formation of the compound nucleus these 
neutrons excite high-energy states —on the order of 10 million electron 
volts (MeV) above the ground state — which then decay through radiative 
transitions, producing the observed resonance lines. Furthermore, because 
of the complementary relationship between energy-width and lifetime 
embodied in Heisenberg’s uncertainty principle, the extreme sharpness of 
these lines afforded direct confirmation of the long life of the compound 
nucleus: the incident neutron was not traversing the target nucleus rapidly; 
here, too, it was interacting strongly with many nuclear particles. Then, 
after its formation, the compound nucleus could decay either through the 
emission of gamma radiation, or through the emission of a neutron or a 
proton, or indeed through any competing process consistent with conser- 
vation of energy. 

Bohr understood that these processes, in general, had to be governed by 
quantum laws, but that an essentially classical collision model serves as an 
adequate approximation for their description. In fact, Bohr had small 
wooden models made for him in the institute workshop to demonstrate his 
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Bohr’s compound-nucleus model, 
shown here for the case of an 


incident neutron (no Coulomb barrier). 





theory (see figure). These consisted of shallow circular dishes (the target 
nuclei) filled with tiny steel balls (their constituent particles), either with or 
without an outer embankment (Coulomb barrier) to demonstrate the case 
either of an incident charged particle or of a neutron. Bohr was so con- 
vinced of the correctness of his theory (and of his model) that he speculated 
far beyond the limit of current observations. He claimed that it would hold 


Niels Bohr (right) with Fritz Kalckar 
in 1934, at the Copenhagen 
Conference. 





not only for incident neutrons or protons of 100 MeV in energy, where 
several nuclear particles would be discharged; it would hold even for inci- 
dent energies of 1000 MeV, where one could expect “an explosion of the 
whole nucleus.” 

These ideas crystallized in Bohr’s mind as he debated them, especially 
with Fritz Kalckar, at the end of 1935. His theory was published in Nature 
on 29 February 1936, with a German translation soon following in Die 
Naturwissenschaften.© Meanwhile, he had sent copies of his manuscript to 
quite a number of people, and he had lectured on his theory in Copenha- 
gen, London, and Cambridge. Rutherford, just after Bohr left Cambridge, 
wrote to Chadwick and to Max Born on February 17 and 22, describing 
Bohr’s conception of the target nucleus as a “mush” of particles. 

Just at this same time, Gregory Breit and Eugene P. Wigner, collaborat- 
ing in Princeton, submitted for publication their fundamental paper on 
slow-neutron resonances: it was received by The Physical Review on 15 
February 1936, and published in the April 1 issue.” Like Bohr, Breit and 
Wigner were impressed by the failure of the single-particle theories of 
Bethe and others to account for, especially, Fermi’s slow-neutron observa- 
tions. They proposed, instead, that the incident neutron passes into “quasi- 
stationary (virtual) energy levels of the system nucleus+neutron” which 
“then jump into a lower level through the emission of y-radiation or perhaps 
in some other fashion.” This was the essential idea that Bohr also had 
proposed in more general terms. Unlike Bohr, however, Breit and Wigner 
developed their theory quantitatively, deriving their famous resonance for- 
mulas for the neutron-capture and neutron-scattering cross-sections, and 
showing that the sum or total cross-section varies inversely with the veloc- 
ity of the incident neutrons, as Fermi and his coworkers had observed. In 
general, physicists soon understood that Breit and Wigner’s theory sup- 
ported Bohr’s and showed how Bohr’s could yield quantitative results. It 
was to a large extent for this reason that Bohr’s theory of the compound 
nucleus dominated the theory of nuclear reactions for almost two decades. 

Another reason for its dominance was Bohr’s continuing discussion and 
development of his theory. Assisted by Kalckar, Bohr began to plan and 
compose a comprehensive three-part paper on nuclear transmutations. The 
first part was to consist of general theoretical remarks, the second of a 
detailed theory of nuclear collisions, and the third of an analysis of the 
available experimental data. By January 1937 part one was already set in 
type. Bohr, however, declined to release it for publication, primarily be- 
cause he and Kalckar were then on the verge of leaving Copenhagen for the 
United States to attend the third conference on theoretical physics in Wash- 
ington, DC., organized by George Gamow, Edward Teller, and Merle Tuve, 
and scheduled to begin on 15 February 1937. Bohr, who was accompanied 
on this trip by his wife and son Hans, knew that it would present many 
opportunities to refine his ideas further through discussions. This proved 
to be the case. Bohr lectured on his compound-nucleus theory at various 
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universities on the East Coast, always with the help of his little wooden 
model. 

After the Washington conference, he traveled with Hans Bethe to Duke 
University in Durham, North Carolina, where both gave invited papers on 
the compound nucleus at a meeting of the American Physical Society on 19 
February 1937. The following day the meeting moved to the University of 
North Carolina in Chapel Hill, where John Wheeler, who had spent the 
academic year 1934-35 with Bohr in Copenhagen, then held a position. 
These travels, in fact, were just the beginning of a six-month around-the- 
world trip that also took the Bohrs to the University of Oklahoma; to the 
West Coast of the United States; to Japan, where Bohr lectured on his 
theory at the Imperial University in Tokyo; and to Russia, where he lec- 
tured on it in Moscow. 

By the time Bohr returned to Copenhagen in July 1937, he saw that it 
would be largely superfluous for him and Kalckar to complete and publish 
the second and third parts of their joint treatise, because in April and July 
the final two parts of Hans Bethe’s enormously influential article in Re- 
views of Modern Physics —“Nuclear Dynamics, Theoretical” and “Nuclear 
Dynamics, Experimental”— had appeared, the latter written jointly with 
M. Stanley Livingston.* Bohr knew that this work was in progress and, 
under these circumstances, he and Kalckar decided simply to bring the first 
part of their paper up to date by joining an addendum to it, and to submit it 
for publication alone. This they did in October 1937 — the very month that 
Bohr, deeply shaken, was called from Bologna to England to attend Ruth- 
erford’s funeral. 

In their paper,’ Bohr and Kalckar first reiterated the basic ideas underly- 
ing Bohr’s theory of the compound nucleus, promising that “many proper- 
ties of nuclear matter” could be compared to “the properties of ordinary 
liquid and solid substances.” This promise was fulfilled when they analyzed 
why the spacing between energy levels in the excited compound nucleus 
decreases rapidly with increasing excitation energy, becoming at some 
point “practically continuous.” These energy levels arise from “some 
quantized collective type of motion of all its constituent particles,” which 
means that they have “very much the same character as that of the quantum 
states of a solid body, well known from the theory of specific heats at low 
temperatures.” To develop this analogy quantitatively, Bohr and Kalckar 
compared the excitations of the compound nucleus to “the oscillations in 
volume and shape of a sphere under the influence of an elasticity € or 
surface tension @.” They found, however, large discrepancies with experi- 
ment, even for heavy compound nuclei, leading them to conclude that these 
“simple considerations” could “at most serve as a first orientation as regards 
the possible origin of nuclear excitations.” 

A detailed theory would have to take into account “the specific character 
of the interactions between the individual nuclear particles.” However, the 
close coupling of these particles made it difficult to draw reliable conclu- 
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sions on the exchange character or spin dependence of such specifically 
nuclear forces. “In particular,” Bohr and Kalckar wrote, “any attempt of 
accounting for the spin values by attributing orbital momenta to the indi- 
vidual nuclear particles seems quite unjustifiable.” Rather, it was necessary 
to “assume that any orbital momentum is shared by all the constituent 
particles of the nucleus in a way which resembles that of the rotation of a 
solid body.” Bohr and Kalckar went on to show that transitions between 
such rotational energy levels might account for the fine-structure spectra of 
heavy nuclei. 

Bohr and Kalckar also discussed the process of absorption and reemis- 
sion of neutrons by a target nucleus. The former process resembled “the 
adhesion of a vapor molecule to the surface of a liquid or solid body,” the 
latter “the evaporation of such substances at low temperatures.” This anal- 
ogy had been emphasized recently by Jacob Frenkel and Lev Landau. It also 
had been elaborated by Victor Weisskopf in a fundamental paper (submitted 
to The Physical Review from Copenhagen in March 1937) in which he 
introduced the concept of a nuclear temperature and explored its conse- 
quences in detail."° Finally, Bohr and Kalckar discussed slow-neutron reac- 
tions (emphasizing the “decisive” work of Breit and Wigner), the theory of 
radioactive alpha decay, and the inverse penetration problem, all of which 
they showed to be consistent with Bohr’s theory of the compound nucleus. 

Several aspects of Bohr’s thought at this time (October 1937), as displayed 
in his and Kalckar’s paper, are worthy of comment. First, while Bohr was 
touching upon the liquid-drop model of the nucleus, it seems that he was 
more inclined at this time to view the nucleus as an elastic solid. Perhaps he 
was influenced here to some degree by Rutherford, who on more than one 
occasion had argued that heavy nuclei exhibit a crystal-like structure. 
Whatever the case may have been, it seems clear that Bohr had not yet fully 
embraced the liquid-drop model. 

That may have been the reason, in fact, why Bohr did not cite or mention 
Gamow as the originator of the liquid-drop model in his and Kalckar’s 
paper. As we have seen, Gamow conceived this model in Copenhagen at the 
end of 1928, and he subsequently applied it to calculations of mass-defect 
curves and nuclear stability. The only point, it seems, at which Bohr noted 
Gamow’s contribution was in the discussion following Heisenberg’s paper 
at the October 1933 Solvay Congress, where Heisenberg treated le modele de 
la “goutte” de Gamow at some length. In 1935 von Weizsacker adopted 
Gamow’s model in arriving at his semiempirical mass formula, and two 
years later he again discussed Gamow’s model at length in his book Die 
Atomkerne —a work cited by Bohr and Kalckar. The fact, however, that 
Bohr and Kalckar did not cite or mention Gamow directly had at least one 
unfortunate consequence, historically speaking: when Bethe discussed the 
liquid- drop model in the second part of his Reviews of Modern Physics article, 
published in April 1937, he based his discussion on Bohr and Kalckar’s 
paper in its prepublication form, and since then virtually everyone has 
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Bohr in a discussion with Wolfgang 
Pauli, L. W. Nordheim, Léon 
Rosenfeld, and others. 





assumed, incorrectly, that Bohr conceived the liquid-drop model along 
with his theory of the compound nucleus. Bethe, incidentally, in citing 
Bohr and Kalckar’s paper, slyly assigned it a publication date of 1939 —a 
reasonable guess, given Bohr’s legendary procrastination in publication. 
Finally, as we have seen, Bohr and Kalckar argued that the collective 
behavior of the compound nucleus is incompatible with any attempt to 
assign orbital momenta to its individual constituent particles. In other 
words, it was fruitless to search for a shell structure of the nucleus analogous 
to that of the atom, and hence it was no surprise (Bohr might have said) that 
Walter Elsasser’s and Kurt Guggenheimer’s attempts in 1933-34 had not 
succeeded. Bohr, moreover, was adamant on this point: Peierls has pointed 
out that when Bohr visited Japan he dissuaded the Japanese physicist Taka- 
hiko Yamanouchi (who had just tried to apply group theory to nuclear 
structure) from carrying out a serious shell-model investigation. It seems, 
therefore, that the very success of Bohr’s theory of the compound nucleus, 
coupled with his great authority and persuasiveness, was a key factor in 
discouraging shell-model studies after 1936 or 1937. 
On 6 January 1938, Kalckar, not yet twenty-eight years old, suddenly 
died. Bohr was deeply affected by the loss of his young colleague. Never- 
210 theless, he continued working. He applied his theory of the compound 


== 


nucleus to an understanding of, for example, nuclear photoeffects. He also 
continued a program begun in 1932, lecturing on his principle of comple- 
mentarity as extended to fields outside physics, first biology and then, in 
August 1938, anthropology. He argued that “different human cultures are 
complementary to each other”—a humanitarian view that stood in sharp 
contrast to the brutal racial policies of the Nazis. 

Bohr also kept the lamp of reason burning in Copenhagen by continuing 
to hold small conferences whenever possible. In addition, he oversaw and 
raised funds for a strong experimental program in nuclear physics at his 
institute. He first came face to face with the wave of the future in May 
1933, when he visited Charles C. Lauritsen’s laboratory at the California 
Institute of Technology before attending Chicago’s “Century of Progress” 
meeting the following month. Over the next few years, he persuaded the 
Carlsberg and Rockefeller foundations to provide monetary support, and 
the Thrige Foundation to provide a big magnet, for the construction of a 
cyclotron in Copenhagen, which went into operation in 1938. Soon there- 
after, he secured additional financial support from the Carlsberg and 
Rockefeller foundations for the construction of a high-pressure Van de 
Graaff accelerator. 

Meanwhile, another chain of events had begun. On the thirteenth or 
fourteenth of July 1938, Lise Meitner, imperiled in Berlin after the Anschluss 
of Austria on March 7, was spirited into the Netherlands by Dirk Coster, 
and from there went to Stockholm. Five months later, in mid-December, 
Otto Hahn and Fritz Strassmann, pursuing the research program they had 
begun with Meitner, cautiously concluded that when neutrons bombard 
uranium a transuranic element is not formed (as Fermi had believed), but 
that one of the products is the intermediate element barium. Hahn in- 
formed Meitner about this deeply puzzling situation by letter on 19 De- 
cember 1938, and three days later he and Strassmann reported their discov- 
ery to Die Naturwissenschaften." Thus began the events that would engulf 
Bohr, and change the world. 

Meitner, puzzled by Hahn’s letter, answered it on December 21, ques- 
tioning him further about his and Strassmann’s results. After receiving 
Hahn’s assurance that they were correct, she left Stockholm for Kungilv, 
just north of Gothenburg, to spend the Christmas holidays with friends 
and with her physicist nephew Otto R. Frisch, who was then working at 
Bohr’s institute in Copenhagen. Discussing Hahn and Strassmann’s results 
one day, and inspired by an awareness of the liquid-drop model of the 
nucleus, Frisch and Meitner calculated that the repulsive force of the high 
surface charge of the uranium nucleus almost completely cancels the attrac- 
tive force of its surface tension, so that a bombarding neutron might induce 
vibrations and hence instability. Furthermore, they found that if the ura- 
nium nucleus were split into two roughly equal parts, a transformation of 
rest mass into kinetic energy would occur which, according to Einstein’s 
relationship, would amount to about 200 MeV, an enormous figure. With 
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A couple of days later I travelled back 
to Copenhagen in considerable 
excitement. I was keen to submit our 
speculations —it wasn’t really more 
at the time —to Bohr, who was just 
about to leave for the U.S.A. He had 
only a few minutes for me; but I had 
hardly begun to tell him when he 
smote his forehead with his hand and 
exclaimed: “Oh what idiots we all 
have been! Oh but this is wonderful! 
This is just as it must be! Have you 
and Lise Meitner written a paper 
about it?” Not yet, I said, but we 
would at once; and Bohr promised 
not to talk about it before the paper 
was out, Then he went off to catch 
his boat. 
O. R. Frisch, 
What Little | Remember, 1979 
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this in mind, Meitner returned to Stockholm and Frisch to Copenhagen, 
where Frisch sought Bohr out and caught him for five minutes on Tuesday, 
3 January 1939. During the next four days Bohr considered Frisch and 
Meitner’s interpretation while Frisch and Meitner began composing a joint 
note to Nature over the telephone. On Saturday morning, January 7, Frisch 
gave Bohr two pages of his and Meitner’s incomplete manuscript at the 
train station as Bohr was leaving for Gothenburg; that same day he was to 
embark for the United States on the Swedish-American Liner Drottning- 
holm. By that time, Bohr was completely familiar with Frisch and Meitner’s 
work, 

Frisch’s initial five-minute conversation with Bohr, however, had been 
sufficient for Bohr to grasp the essentials. In fact, as Frisch wrote to 
Meitner, Bohr was astonished that he himself had not considered the 
splitting of the uranium nucleus as a possibility earlier, since it followed so 
directly from the current conceptions of nuclear structure. However, as we 
have seen, Bohr had had in mind a quite different possibility as to how a 
nucleus might break up, as expressed in his compound-nucleus paper of 
1936. Furthermore, in his and Kalckar’s paper of 1937 he had been much 
less inclined to view the nucleus as a liquid drop than as an elastic solid. 
Thus, to the extent that Bohr was still committed to these views on 3 
January 1939, he would not have seen the possibility that Meitner and 
Frisch saw. 

Now, however, as Bohr boarded his ship for the United States, he knew 
that a new world had been opened up in nuclear physics. It is easy to 
imagine the excitement with which he explored every aspect of the new 
discovery with Léon Rosenfeld, his traveling companion from the Univer- 
sity of Liege. The two arrived in New York on Monday, 16 January 1939, 
after a nine-day voyage. They were met by John Wheeler, who took 
Rosenfeld to Princeton, and by Enrico and Laura Fermi, who took Bohr to 
Columbia. Bohr had promised Frisch that, to protect their priority, he 
would not discuss Frisch and Meitner’s interpretation with anyone. Unfor- 
tunately, while on board ship, he had forgotten to convey the need for 
confidentiality to Rosenfeld, who let the cat out of the bag in Princeton — 
much to Bohr’s distress when he himself arrived in Princeton a few days 
later and learned what had happened. 

Events then accelerated. On January 20, Bohr wrote to Frisch comment- 
ing on Frisch and Meitner’s manuscript and also enclosing a draft of a note 
to Nature he himself had written describing how their interpretation 
meshed with his own conception of the formation and decay of the com- 
pound nucleus. Meanwhile, in Copenhagen, George Placzek had prodded 
Frisch into carrying out experiments, and between January 13 and 16 
Frisch observed the predicted ionization pulses from the fission fragments 
—the historic term “fission” having been suggested to Frisch by an Ameri- 
can biochemist then in Copenhagen. Frisch immediately drafted a second 
note for Nature under his name alone and submitted both notes for publica- 
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By The Associated Press. 
WASHINGTON, Jan. 28.—Amertl- ‘new 200,000, o00-veit forea, which is 


can ecientists heard today of a new 
phenomenon in physics—explosion 
of atoms with a discharge of 200,- 
000,000 volts of energy. 

Theoretical physictsts attending a 
méeting sponsored by the Carnegie 
‘Institution of Weshington and 
George Washington University said 
that Dr. Enrico Fermi! of the Uni- 
versity of Rome told yesterday that 
this had been accomplished by Dr. 
G. Hahn of Berlin. 

The report so atirred the limited 
circle of scientists with facilities to 


carry on such experiments that) 


work on atternpts to duplicate Dr. 


Hahn's aceomplishment has begun 


at the Carnegie institution's terres- 
trial magnetism laboratory and at 
Columbia University. 
Scientists a 


t the meeting said the 


aiscovery was comparable in signi- 
ficance to the original discovery of 
| lg one ht thirty years ago. 

| They said that it was too soon to 
| discuss possible applications of the 


thirty times more powerful than 
radium, but pointed to the fact that 
radium ia now the most efficient 
weapon used for the treatment of 
Like radium, it may be 


canoer. 
twenty or twenty-five years before 
the phenomenon| could be put to 


practical use 


practical at all, they sald. 
Dr, ,Férmi related that Dr. Hahn 
bombarded a ayntbetic element 


nium’ with neu- 
oving particles of 
roduced barium, 
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known as ‘‘ckauw 
trons, the slow- 
the atom, and 
the substance 
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The paper was composed by several 
long-distance telephone calls, Lise 
Meitner having returned to 
Stockholm in the meantime. I asked 
an American biologist [Arnold], who 
was working with Hevesy, what they 
call the process by which single cells 
divide in two; “fission,” he said, so I 
used the term “nuclear fission” in 
that paper. 
O. R. Frisch, 
What Little I Remember, 1979 
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tion. Unfortunately, however, partly because he was overtired, he then 
delayed six days, until January 22, before writing to Bohr, informing Bohr 
of his experimental confirmation of fission, and enclosing copies of both 
notes to Nature. On January 24, Bohr, still having received no word from 
Frisch, wrote to him once again. Bohr realized that containment was now 
no longer possible. The issue of Die Naturwissenschaften containing Hahn 
and Strassmann’s article had arrived in Princeton a few days earlier, and 
hence word of their discovery soon would spread far and wide. Moreover, 
the fifth conference on theoretical physics organized by Gamow, Teller, 
and Tuve, scheduled for January 26-28, was about to be convened in 
Washington, DC. Bohr had no choice but to speak out. The report on the 
conference, dated 1 February 1939, states: “Certainly the most exciting and 
important discussion was that concerning the disintegration of ura- 
nium . . . Professors Bohr and Rosenfeld had arrived from Copenhagen 
the week previous with this news . . . Professors Bohr and Fermi dis- 
cussed the excitation energy and probability of transition from a normal 
state of the uranium nucleus to the split state.” The experimental team at 
the Carnegie Institution’s Department of Terrestrial Magnetism demon- 
strated the fission process for Bohr and Fermi after the close of the confer- 
ence on January 28. 

On February 2, at long last, Bohr received Frisch’s letter of January 22 
with its two notes enclosed; he replied the following day. At the Washing- 
ton conference, Bohr had made certain that Meitner and Frisch’s priority in 
interpretation had been recognized, and he told Frisch that he had also 
succeeded in getting that information into a Science Service news release on 
January 30. Bohr enclosed a final version of his own note to Nature. As it 
turned out, Meitner and Frisch’s note appeared in Nature on February 11, 
Frisch’s on February 18, and Bohr’s on February 25.” 

Bohr immersed himself in the fission problem in Princeton, where he 
had a visiting appointment at the Institute for Advanced Study. Already by 
February 7 he had prepared a letter to the editor of The Physical Review, 
partly to reiterate the history of the discovery and interpretation of nuclear 
fission for the record, but mainly because on one of the preceding morn- 
ings he had reached the conclusion, through an ingenious argument, that 
not U?* but the rare isotope U*® is the nucleus primarily responsible for 
fission. 

Bohr was stimulated by George Placzek, who had just joined Bohr and 
Rosenfeld in Princeton, into thinking very carefully and very deeply about 
the existing experimental evidence on fission. Observations had shown — 
so went the essence of Bohr’s argument, which he presented to Rosenfeld, 
Placzek, and Wheeler — that fast neutrons produce fission in uranium; this 
could be ascribed to the abundant isotope U?**, following the formation of 
a compound nucleus of mass 239, Neutrons of lesser, intermediate energy 
did not produce fission, so it could be assumed that here the U?** isotope 
was no longer contributing, nor was the rare U* isotope because of its low 
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abundance. Slow neutrons, however, again produced fission — and here it 
could be ascribed to the rare U* isotope, because the great increase in 
fission probability (owing to its inverse dependence upon neutron velocity) 
more than compensated for the decrease arising from the low isotopic 
abundance. Moreover, since the compound nucleus formed in this case 
would be of mass 236, an even number, the binding energy of the incident 
neutron, and hence the excitation energy of the compound nucleus, could 
be expected to be appreciably higher than that for the case of a compound 
nucleus of mass 239, an odd number. It could be concluded that the isotope 
mainly responsible for fission, and entirely responsible for fission by slow 
neutrons, was the rare isotope U***. More than one year later, in mid-April 
1940, John R. Dunning and his colleagues at Columbia University, bom- 
barding a small sample of U*** separated out mass-spectroscopically by 
Alfred O. Nier at the University of Minnesota, proved that Bohr’s conclu- 
sion was correct. 

Bohr concluded his paper of 7 February 1939 by noting that he and 
Wheeler were currently collaborating on a “closer discussion” of the mech- 
anism of nuclear fission. That closer discussion occupied the entire balance 
of time remaining to Bohr in Princeton. The two prepared a short paper 
which Wheeler delivered at the Washington meeting of the American 
Physical Society between April 27 and 29. Two months later, on June 27, 
after Bohr had sailed for Europe, Wheeler submitted their final twenty- 
five-page paper for publication in The Physical Review.’ This work remains 
one of the finest collaborative eftorts in physics. The two authors, sharing a 
deep mutual respect, combined their physical intuitions, knowledge of 
physics, and mathematical skills to produce a classic of the literature. 

Bohr and Wheeler’s starting point was Meitner and Frisch’s comparison 
of the target nucleus to a liquid drop for which the mutual repulsion of its 
surface charges nearly cancels the attractive nuclear forces at its surface, 
analogous to those associated with surface tension. The relatively small 
amount of energy added by an incident neutron then produces an excited 
compound nucleus, which during its decay becomes deformed. If this 
deformation is large enough, it will divide into two smaller droplets, re- 
leasing a large amount of energy. Bohr and Wheeler’s great achievement 
was to analyze this process quantitatively. They began by appropriately 
modifying the semiempirical mass formula first proposed by Gamow and 
later extended by von Weizsacker. This enabled them to calculate the 
energy released when various heavy nuclei divide in various ways, in gen- 
eral accompanied by the emission of neutrons. They also calculated the 
energy released when a given fission fragment subsequently undergoes beta 
decay, finding that in a few cases the new nucleus thus produced is sufh- 
ciently excited to permit the emission of a neutron —a so-called “delayed 
neutron,” whose origin had not previously been understood. 

To predict whether a given compound nucleus actually would or would 
not undergo fission, Bohr and Wheeler introduced an entirely new con- 


cept, that of the “fission barrier.” They had to determine how small depar- 
tures from sphericity affect the repulsive and attractive forces at the surface 
of a given compound nucleus. Would the forces change in opposition to 
each other in such a way that for some critical energy of excitation the 
compound nucleus would elongate beyond a point of no return and split 
into two smaller droplets? Was there an energy barrier which, if tran- 
scended, would inevitably result in fission? Wheeler recalled that the very 
concept of such a well defined barrier seemed strongly counterintuitive to 
some of his colleagues, for how could such discreteness be compatible with 
the continuousness of a liquid? Nevertheless, Bohr and Wheeler found, by 
modifying and carrying to higher approximation certain old but beautiful 
calculations of Lord Rayleigh, that the fission barrier did indeed emerge as a 
well defined quantity, and one which held the key to understanding the 
conditions under which heavy nuclei were stable or unstable against fission. 

A harmonious picture of the mechanism of nuclear fission took shape. 
The theory explained why nuclei of intermediate atomic weight are stable 
against division into two roughly equal parts, and why uranium is about at 
the limit of stability, so that heavier nuclei are not found in nature. It 
explained why, for excitations below the fission barrier, a given compound 
nucleus was more likely to decay by some competing process such as the 
emission of gamma radiation, well described by the Breit- Wigner formula. 
It established a quantitative foundation for Bohr’s earlier conclusion that 
slow neutrons can cause the rare isotope U?", an even-odd nucleus, to 
undergo fission, whereas fast neutrons are required for U** or Th*?, 
even-even nuclei. It led to a simple channel formula for the fission width, a 
concept that became of central importance in reaction theory. Further- 
more, the very analogy to the division of a drop of liquid, which is generally 
accompanied by the formation of a few tiny drops between the two larger 
droplets, offered a basis for understanding the origin of the two or three 
neutrons emitted in the fission process, as had been reported by Fermi and 
his coworkers at Columbia University and by Joliot-Curie and his col- 
leagues in Paris. Finally, the theory provided insight into the possibility that 
protons, deuterons, and gamma rays, in addition to neutrons, might pro- 
duce fission in certain cases. Thus, while certain features of the fission 
process were not yet understood in detail — for example, why the two main 
fragments are generally unequal in size — Bohr and Wheeler had mapped 
out the entire terrain, establishing, as they concluded, “‘a satisfactory pic- 
ture of the mechanism of nuclear fission.” 

John T. Tate, editor of The Physical Review, received Bohr and Wheeler’s 
paper on 28 June 1939, the day after Wheeler had submitted it. Wheeler also 
sent a copy to Bohr in Copenhagen, who replied on July 20, expressing his 
admiration for all of the work that Wheeler had done on it and, inevitably, 
suggesting some changes — but remarkably few. One pertained to an im- 
portant insight into how cross-sections should be calculated —a problem 
that Bohr, Peierls, and Placzek meanwhile had explored in Copenhagen. 
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Bohr lecturing on the liquid-drop model of the nucleus. 


Bohr enclosed a copy of their paper, which he had submitted to The Physical 
Review on July 4, to enable Wheeler to take it into account. 
By that time, many people were beginning to think about practical 
means of releasing nuclear energy. The idea of a chain reaction had oc- 
218 curred to Leo Szilard as early as 1934, and now in early 1939 he, Wigner, 
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and Fermi pressed it vigorously. A little later, in Birmingham, England, 
Peierls began to calculate the amount of uranium that would be required for 
criticality. Bohr, too, pursued similar questions after his return to Copen- 
hagen: in a manuscript dated 5 August 1939 he examined the necessity of 
introducing a light element as a neutron moderator to achieve a chain 
reaction in natural uranium, while recognizing that the situation would be 
entirely different if pure or highly concentrated U?*> were employed. Less 
than one month later, on September 1, the German armed forces invaded 
Poland. In another seven months, on 9 April 1940, they occupied Denmark. 

Despite these shattering events, Bohr continued to work on fission-re- 
lated problems. On 20 October 1939, he and Wheeler submitted a letter to 
the editor of The Physical Review, composed through correspondence, 
showing that fast neutrons could be expected to produce fission in protac- 
tinium more easily than in thorium but less easily than in U2, in line with 
experiments carried out at Columbia. That fall and winter Bohr also gave 
several lectures on nuclear fission. One, which he delivered in December 
before the Society for Dissemination of Natural Science in Copenhagen, 
was particularly memorable to those who heard it, among them Christian 
Moller and Stefan Rozental, because Bohr outlined in it the entire problem 
of how to liberate nuclear energy on a practical scale, including the omi- 
nous possibility of its use in a weapon of enormous destructive power. 

Bohr also was thinking deeply about the problem of the statistical distri- 
bution of the fission fragments — why, in general, the two main fragments 
differ considerably in mass. On 16 December 1939, he sent a manuscript on 
this subject to Wheeler, who was to go over it and then submit it for joint 
publication. Under the wartime conditions then prevailing in Europe, 
communication by sea mail was uncertain, with delivery times of a month 
or more quite common. In fact, the ensuing revisions and correspondence 
between Bohr and Wheeler on this manuscript extended into mid-1940, by 
which time the growing secrecy surrounding fission-related research de- 
layed its publication indefinitely. 

Not all of Bohr’s work, however, suffered that fate. In the summer of 
1940 Bohr submitted three papers to The Physical Review which were 
subsequently published. In the first and third (received July 9 and September 
3), he analyzed the process by which fission fragments are scattered and 
stopped in their passage through matter, and he showed that his analysis 
was consistent with cloud- chamber photographs of fission-fragment tracks 
recently taken in Copenhagen. In the second paper (received August 12), he 
showed that in some cases the compound nucleus formed by fast-neutron 
bombardment — for example, U*2?— may be sufficiently excited to un- 
dergo fission even after emitting a neutron. Bohr’s continuing deep interest 
in nuclear fission, of course, paralleled that of physicists everywhere. Less 
than a year after its discovery, Louis A. Turner of Princeton University 
could submit an extensive survey to Reviews of Modern Physics in which he 
noted that almost 100 papers had already appeared on the subject. 

After the occupation of Denmark, Bohr continued to work in isolation 
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in Copenhagen. In May 1941 he submitted a paper both to The Physical 
Review and to Nature in which he discussed the possibility of producing 
fission in thorium and uranium by deuteron bombardment. At the same 
time, he oversaw the construction of a 2-million-volt high-pressure Van de 
Graaff accelerator and other new equipment at the institute. However, the 
harshness of the German occupation forces increased more and more until, 
at the end of September 1943, Bohr and his family were forced to flee 
Copenhagen. Soon, Bohr and his physicist son Aage became deeply in- 
volved in the British and American efforts under way to secure the use of 
nuclear energy for military purposes. Yet foremost in Bohr’s mind were the 
political implications of the development of nuclear weapons, and 
throughout the balance of the war and thereafter they were Bohr’s principal 
concern. He took every opportunity he could to press his vision of a 
peaceful world based upon cooperation and trust between individuals and 
nations. 

During the early postwar period, Bohr also found time and energy for 
research. In 1948 he published a classic 144-page monograph, which had 
been long in preparation, on the penetration of charged particles through 
matter, a subject that had attracted him from his earliest postdoctoral days. 
Later, from the last quarter of 1949 through the first month of 1950, 
Wheeler was again in Copenhagen, where he gained important insights 
into the fundamental question of how the many-particle behavior of nuclei, 
as described by Bohr’s compound-nucleus model, might be reconciled with 
their single-particle behavior, as represented in the recently enunciated shell 
model. After Wheeler returned to Princeton, Bohr and Wheeler continued 
to work—and Wheeler (and David Hill and Wheeler) to publish —on 
aspects of this question, which was central to the collective model subse- 
quently developed by Aage Bohr, Ben Mottelson, and James Rainwater. 

At the center of Bohr’s contributions to nuclear physics was his quest for 
harmony and unity. Some themes, such as the behavior of liquid drops and 
the passage of charged particles through matter, were sustained in his 
thought from beginning to end. But his vision was much more compre- 
hensive, for at the center of the center, whether surfacing in wave and 
particle, compound nucleus, biological life, or human cultures, was his 
principle of complementarity. This powerful concept crossed all bounda- 
ries, bringing meaning to his physics and to his life. 


Physics in Copenhagen 
in 1934 and 1935 


John A. Wheeler 


The first sight of Bohr’s institute surprises anyone aware of how important 
it has been to the development of physics over the years.’ How could so 
much come out of a building so small, smaller than many a house? The 
impression of surprise was increased for this young arrival in September 
1934 only by seeing how few there were inside. Only once or twice a year, at 
times of conferences, did the attendance climb to as high as twenty-five. 
Naturally there was the familiar, active experimental group in nuclear 
physics working in a laboratory addendum to the building. It included T. 
Bjerge, K. J. Brostrom, George de Hevesy, J. C. Jacobsen, and E. H. Ras- 
mussen. Old collaborators stopped in at various times during the year, 
including Werner Heisenberg, Oskar Klein, Harrie Massey, Ivar Waller, 
and C. F. von Weizsicker. There were also special visitors from time to 
time in consequence, direct or indirect, of Hitler’s accession to power on 30 
January 1933 and of the growing shadow over Germany. They came for a 
few days or a few weeks or a few months on their way from positions in 
Germany to positions elsewhere, often still to be found. Among them were 
Hans Bethe, Max Delbriick, James Franck (a prince of a man), Hilde Levi, 
George Placzek, and Edward Teller. Learn Danish in one month? That was 
one of the achievements of Otto Robert Frisch, a visitor for the year who 
had quickly made himself another highly productive member of the experi- 
mental group. Theorist colleagues there for most of the year were few but 
hospitable: Bohr himself, Fritz Kalckar, Christian Moller, Milton S. Ples- 
set, Stefan Rozental, E. J. Williams, and myself, supplemented for extended 
periods by Bohr’s wonderfully scholarly and long-term collaborator Léon 
Rosenfeld. The library was quiet; the cleaning woman each day cleaned the 
neat gray trim and aired the room all out, no matter how cold this operation 





John A. Wheeler first became 
famous when he, together with 
Bohr, wrote the classic 1939 paper 
on the theory of nuclear fission. He 
taught for many years at Princeton 
University and is now at the Univer- 
sity of Texas at Austin. His research 
interests have been largely in funda- 
mental cosmological questions in- 
volving relativity and quantum 
mechanics. 
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made the user. It was the standard place for work and for occasional two- or 
three-person discussions. 

E. J. Williams was mentor and guide in my first months at the institute. 
He was of less than average height, compact, vigorous. Coming from 
Aberystwyth, he had used only his native Welsh until near the end of his 
days in secondary school. At Cambridge he had done experimental work 
until Rutherford forced him into theory by instituting a rule that no one 
should be in the laboratory beyond the end of the afternoon. Williams 
explained to me about the ways of life at the institute and of the Niels Bohr 
whom I had first seen and heard speak at the “Century of Progress” 
Chicago World’s Fair in 1933. He told me of the agony Bohr had experi- 
enced on his arrival at Cambridge as a young postdoctoral worker, shy, and 
at that time ill at ease in English. Not knowing what to say when he had his 
first meeting with J. J. Thomson, director of the Cavendish Laboratory, 
and having read thoroughly and appreciated a book of Thomson’s (his 
Electricity and Matter), in his embarrassment he could only blurt out a 
catalogue of the principal errors in the book —foretaste of Bohr’s disas- 
trous encounter with Winston Churchill on 16 May 1944. It was no 
wonder, Williams explained, that close relations did not develop between 
the two men. The twenty-seven-year-old Bohr found it more stimulating 
to go to Manchester and work with the magnetic forty-year-old Ruther- 
ford, At Copenhagen, Williams told me, it had been Bohr’s habit each year 
to start to give a course of lectures. Each time, however, an exciting issue 
had developed in the course of the first session or two, and Bohr had put off 
further lectures until the question should have been entirely cleared up. A 
few months before I arrived Williams had visited the Soviet Union in 
company with Bohr, and he regaled me with an account of his own 
exciting motorcycle trip in the outskirts of Leningrad. Eleven years later, at 
age forty-two, his heart failed, and the man of so much warmth and drive 
was gone. 

The summer before my arrival in Copenhagen Niels Bohr had lost his 
oldest son, Christian, overboard from their sailboat in a storm. He and the 
family were too deeply affected for him to go to the London conference, or 
to show up regularly at the institute the first part of the fall. One day, 
however, as I arrived on my bicycle at the usual hour at the institute, I 
noticed a workman tearing down the vines that had grown too thickly over 
the gray stucco front, and on closer view saw that it was Bohr himself, 
following his usual modest but direct approach to a problem. I had talked 
with him briefly on a couple of earlier occasions; but now full institute 
activity was to start. How did he pick the topic? How did he make headway 
with it? And how did he communicate his conclusions? 

“He sees farther ahead than any man alive”: that was why — with the 
backing of Gregory Breit —I had asked to spend with Bohr the second of 
my two fellowship years. Bohr distilled the central issue out of dialogue 
with those who were themselves distillers of issues, former collaborators 
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and special visitors. The single-hearted attention that Bohr gave to such a 
colleague showed nowhere better than in the way the two of them would 
walk up and down outside the institute. They might share a less private 
discussion at the lunch to which so many of us brought the open-faced 
sandwiches — smorrebrod — purchased down the street. However, soon 
the talk would focus again more sharply on the issue that had been, or was 
in the course of being, “smoked out.” Bohr would take the visitor away to 
his office, often carrying along his “right-hand man” of the moment — 
Léon Rosenfeld or E. J. Williams in my time. Bohr would go round and 
round the table as he talked or joked, expostulated or reflected, his whole 
soul taken up in the action. He would stop to make an especially strong 
point — or to listen briefly. His words were forceful. His voice was soft. His 
glance was piercing as he looked up from time to time and stared into one’s 
eyes. His mood would change from time to time as dictated by the discus- 
sion itself: for making a point, “How could one possibly believe . . .” or 
“There is not the slightest evidence that . . .” If in doubt, his head would 
tip to one side as he spoke to one position; to the other, as he spoke to the 
Opposite position. 

Explanation was never dry pedagogy, but a one-man tennis match in 
which Bohr hit the ball from one court, then ran to the other fast enough to 
hit it back — the more times, the more enjoyable the game: “Such-and-such 
an effect leads one to expect thus-and-so . . . Indeed one sees thus-and- 
such, but then so-and-so observed such-and-such . . . Then we were in 
immense difficulty. Just at this point so-and-so pointed out that the proper 
formulation of the principle is thus-and-such ... This discovery 
brought the whole subject into order. But then so-and-so realized that this 
extended principle stands in absolute contradiction to the stability of such- 
and-such . . . We were all lost until we found that the new formulation 
was really absolute nonsense . . . What fools we’ve been! We have only 
to recognize such-and-such and we see that absolutely everything has to be 
exactly as it is.” From time to time, to make a point or lighten the atmo- 
sphere, there would come a joke. One of Bohr’s favorites was his definition 
of a “great truth”: a truth whose opposite is also a great truth. 

Of all ways to tell the visitor of some new finding at the institute, and 
convince him of it, and tell him how to convince others, it would be 
dificult to imagine a single one both more modest, and more effective, 
than this “explanation-by-tennis”; but for the colleague it was only a 
warmup for the real tennis match. In it he himself knocked the ball back 
and forth with Bohr. The spirit might have been the game for the game’s 
sake, but the excitement came from expectation of the unexpected. The 
best witness to the level of the dialogue was the level of the participants, 
from Kramers to Heisenberg and from Bethe to Pauli. How else could a 
man hold up his end in such an encounter except to make his own point of 
greatest concern 

Complementarity had a place in.almost every discussion. Contraria sunt 


[Bohr] had a soft voice with a Danish 
accent, and we were not always sure 
whether he was speaking English or 
German; he spoke both with equal 
ease and kept switching. 
O. R. Frisch, 
What Little I Remember, 1979 
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Niels Bohr’s coat of arms, designed 
in 1947 when he was awarded the 
Danish Order of the Elephant, 
normally given only to members of 
royal families and presidents of 
foreign states. It was hung near the 
king's coat of arms in the church of 
Frederiksborg Castle at Hillerod. 
Bohr chose the Chinese yin-yang 
symbol, which stands for the two 
opposing but inseparable elements of 
nature. The Latin motto reads: 
“Opposites are complementary.” 


complementa (contrary things are complementary) was the motto that Bohr 
later chose for his coat of arms. Years after Bohr’s death Heisenberg told me 
how, right after the publication of his own paper on the uncertainty princi- 
ple, he was out sailing with Bohr and was explaining to their sailing 
partner, Niels Bjerrum, the contents of the article. After hearing him out, 
Bjerrum turned to Bohr and said, “But Niels, this is what you have been 
telling me ever since you were a boy.” Bohr’s lifetime advocacy of comple- 
mentarity owed much to the philosophy of his great teacher, Harald 
Hottding, just as Einstein’s continuing rejection of complementarity, and 
1917-1929 rejection of the big bang, were influenced by his youthful 
admiration for the thought of Benedict Spinoza, advocate of determinacy 
and of a universe that goes on from everlasting to everlasting. 
Sometimes a week or two would go by without a meeting. When it came, 
three or four of us would gather with Bohr in his office or another room to 
discuss some then worrisome point. To bring about a seminar it took a 
visitor, perhaps an experimental physicist and former collaborator from 
Poland, or a new and important paper reported by someone at the institute, 
perhaps Jacobsen or Rosenfeld. The attendance amounted to a dozen or 
two. The language was usually German, occasionally English. The joy was 
to have something that “wouldn’t fit.” The central idea of the institute was 
clear: “No progress without a paradox.” Most seminars were successful in 
the sense that Bohr broke in halfway through or sooner to solve the puzzle 
or explain the central point at issue. He would get to his feet and, reflecting 
as he kept talking and pacing up and down before the blackboard, encour- 
age himself by saying every now and then, “Now it comes, now it comes.” 
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Suddenly it really would come, and he would give the explanation to us all 
as another tennis match. It was more reminiscent of soccer, however, in 
which he had been a national hero, to see the way he plunged into the 
middle of things, found the central point, seized on it, and delivered it with 
great force to all assembled. Only rarely did the worst happen: nothing 
came up that surprised anyone, and Bohr had to utter those dreaded words, 
“It was an interesting seminar.” 

Usually the new problem became a focal point of discussion in the 
following days. Those days could almost have been numbered odd and 
even. One day was a day of building. If so-and-so is true, such-and-such 
follows. That will give us the chance to understand thus-and-so. That 
means it will be absolutely central to measure this-and-this cross section. 
Then we will be able to predict such-and-such with great assurance. No 
criticism. That was reserved for the next day. If at its end anything sur- 
vived, that battle-tested core became the starting point of yet another day of 
building —and so on, up to a conclusion that could be played out as a 
complete tennis match. 

I never saw Niels Bohr make progress with an idea except in dialogue or 
dictation or sudden revelation out of the depths of the subconscious. Always 
the end desired was a harmonious account of a wide range of experience. 
For this purpose he kept a continuous slow fire under about fifteen topics. 
They ranged from the angular momentum of light to dispersion relations 
for reaction cross-sections in the continuum, and from stopping power to 
superconductivity. Preliminary drafts of papers on each he stored in a little 
cabinet at Carlsberg in his home office, just off the Pompeian court, where 
he did his dictation on any issue of importance. 

The opposite of a scatter-shot investigator, Bohr used to concentrate on 
the biggest physics questions in sight. In the early 1930s one such question 
was: Does quantum electrodynamics predict correctly the loss of energy by 
electrons of 100 MeV and more to radiation, and the production of elec- 
trons by photons of 100 MeV and more? No. That in brief was the theme of 
a lecture I had heard Robert Oppenheimer give to a packed audience at a 
meeting of the American Physical Society in Chicago on 29 December 
1933. At the September 1934 London and Cambridge Internationa] Confer- 
ence of Physics, I had heard Hans Bethe likewise argue that “quantum 
theory apparently goes wrong for energies of about 10° volts” Month after 
month in the fall and winter of 1934-35 Bohr hammered away at this 
question with E. J. Williams and anyone else of us around who could 
contribute, establishing simple and battle-tested arguments that quantum 
electrodynamics cannot and does not fail at high energies. No finding did 
more to establish the climate of opinion that led — through the beautiful 
experiments of Carl D. Anderson and Seth Neddermeyer — to the discov- 
ery of the mu meson. 

If the argument for upholding electrodynamics took months to incubate 
and hatch, the compound nucleus model of nuclear reactions (the other 


If one forgets the occasional 
employment of a pair of skis, the 
bicycle was {[Bohr’s] favorite mode of 
locomotion. Its relatively slow 
progress, based on a balance of dy- 
namic variables that one cannot 
explain adequately in a few words, 1s, 
I think, a good introduction to the 
character of Niels Bohr. 
Edward Teller, “Niels Bohr 
and the Idea of Complementanty,” 
1969 


225 


In the World of Nuclear Physics 


226 





great Bohr achievement of the academic year 1934 - 35) took minutes. I will 
never forget that springtime excitement. Christian Moller, just back froma 
visit to Rome, was starting to report in our seminar some of the beautiful 
results that Enrico Fermi, Eduardo Amaldi, Bruno Pontecorvo, Emilio 
Segré, and Franco Rasetti had discovered about the absorption of slow 
neutrons in selected atomic nuclei. He had only barely outlined the Rome 
findings when Bohr rushed forward to explain how they worked a com- 
plete change in all our ideas of nuclear transformations. Our picture should 
be, Bohr explained and emphasized, not a long mean free path, with the 
energy concentrated on one nucleon, but a short mean free path, with the 
energy spread among many nucleons. Then and there he outlined the 
“compound nucleus” model of nuclear reactions. It formed the center of 
attention of his work —and the work of many others —in the weeks and 
years that followed. 

Human issues claimed the upper hand with Bohr from time to time. 
How to make, despite the economic depression, a new position in Den- 
mark for a promising young Danish scientist? How to manage a temporary 
haven for a refugee scientist from Hitler’s Germany and find him or her a 
position in a larger country? What could be done, in concert with Ruther- 
ford, to persuade Stalin to let Peter Kapitza return to Cambridge? 

No great human concern left Bohr indifferent. From the rise in expecta- 
tions of the humblest inhabitant of a Third World country to the plight of 
blacks in some parts of the United States, and from the Achilles’ heel of 
gangster governments to the mutual enrichment of diverse cultures, every 
broad problem that combined importance for the world with “doability” 
was the subject of deep thought and intense conversation with everyone 
who cared, from king to cleaning woman and from ambassador to fellow 
scientist. Nothing has done more to convince me that there once existed 
friends of mankind with the human wisdom of Confucius and Buddha, 
Jesus and Pericles, Erasmus and Lincoln than walks and talks under the 
beech trees of Klampenborg Forest with Niels Bohr. 
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I probably spent less time with Bohr than most of the others who have 
contributed to this book, but many short visits to Copenhagen, and en- 
counters with him elsewhere, have left me with very vivid impressions of 
his personality and his mannerisms. 

The first occasion was in 1930, when I left Zurich to visit Copenhagen 
during Easter vacation. For part of this time the Bohrs were at their country 
house in Tisvilde, and at least one afternoon there was spent kicking a 
soccer ball around, though not in an organized game. Of course Bohr, a 
soccer enthusiast, dominated the scene; Werner Heisenberg, George 
Gamow, and Bohr’s sons participated with great energy, while Wolfgang 
Pauli, Lev Landau, and I stood around, trying to keep out of the way. 

It was very characteristic of Bohr to give his full and serious attention to 
the matter in hand, whether it was an important problem in physics or 
philosophy or an ephemeral problem raised by a game, a film, or a piece of 
detective fiction. 

Similarly he never seemed to be influenced by the rank or status of the 
person with whom he was talking. On a visit to our house in 1938 he talked 
with our son, then aged three, without condescension, and with genuine 
interest in the conversation. 

Of course, that first visit in 1930 was not all soccer; there was much 
physics discussed. I remember that Paul Dirac had then put forward his 
hole theory to deal with the states of negative energy and Bohr would not 
accept this as a consistent solution. I tried to convince him that it was 
acceptable, and, in retrospect, it seems presumptuous of a raw Ph.D. of 
twenty-two to argue with the great man on a point of principle. But he 
listened patiently and considered my words, though he was not convinced. 

Bohr and I had a very difterent conversation about a year later. Landau 


Sir Rudolf Peierls was born in Berlin 
and received his university education 
in Germany. Since 1933 he has made 
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at the University of Birmingham and 
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Cartoon by George Gamow showing Bohr talking to a bound and gagged Landau. Léon 
Rosenfeld has commented on this episode as follows: “When I arrived at the institute on 
the last day of February 1931, for my annual stay, the first person I saw was Gamow. As | 
asked him about the news, he replied in his own picturesque way by showing me a neat 
pen drawing he had just made. It represented Landau, tightly bound to a chair and 
gagged, while Bohr, standing before him with upraised forefinger, was saying ‘Bitte, 
bitte, Landau, muss ich nur ein Wort sagen!’ (Please, please, Landau, may I just say a 
word?”) I learned that Landau and Peierls had just come a few days before with some new 
paper of theirs which they wanted to show Bohr, ‘but’ (Gamow added airily) ‘he does 
not seem to agree —and this is the kind of discussion which has been going on all the 
time.’ Peierls had left the day before, ‘in a state of complete exhaustion, Gamow sald. 
Landau stayed for a few weeks longer, and I had the opportunity of ascertaining that 
Gamow'’s representation of the situation was only exaggerated to the extent usually 
conceded to artistic fantasy.” 

About a year later the same episode was incorporated in the “Copenhagen Faust,” 
with the following dialogue: 


THE LORD Keep quiet, Dau! . . . Now, in effect 
The only theory that’s correct 


Or to whose lure I can succumb 
Is 


LANDAU Um! Um-um! Um-um! Um-um! 


THE LORD) =Don’t interrupt this colloquy! 
I'll do the talking. Dau, you see, 


The only proper rule of thumb 
is 


LANDAU Um! Um-um! Um-um! Um-um! 


and I had written a paper about the uncertainty relations in relativistic 
quantum mechanics, and when we came to Copenhagen we found Bohr 
strongly opposed to our ideas. We decided to publish our paper anyway, 
and then had the problem of whether to acknowledge our discussions with 
Bohr in the paper. We felt that this should not be done without permission, 
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since it might imply that Bohr approved of the paper. So I went to ask him. 
He somehow misunderstood our purpose. He became very angry and said 
he was only trying to do his best to be helpful, but if we queried whether 
this was sufficient help to be acknowledged, he would insist that we not 
mention his name. We were unable to correct this impression and felt 
terrible. We did, of course, put in the acknowledgment, and the incident 
was soon forgotten. However, his opposition to our paper persisted, and 
was elaborated in his work with Léon Rosenfeld. 

Bohr often expressed views on general matters. On the role of scientists 
in the discussion of political and other public matters, he used to say that 
scientists were not more objective or less prejudiced than other intellectuals, 
but that there was a difference: if one is a physicist, one has necessarily gone 
through the experience of making a statement and being proved wrong. To 
a social scientist or a philosopher, this might never happen. 

Bohr was opposed to nationalism and excessive patriotism. He used to 
say that if there had to be such sentiments, he preferred them in the version 
common in English-speaking countries, expressed in the phrase “My coun- 
try, right or wrong!” A patriotic German or Frenchman might never even 
imagine that his country could be wrong. 

Many of Bohr’s mannerisms are famous. Some arose from his intoler- 
ance of statements he regarded as incorrect, and this intolerance, coupled 
with his reluctance to hurt people's feelings, led on at least one occasion to 
the memorable remark: “I am not saying this in order to criticize, but your 
argument is sheer nonsense.” 

He could express his thoughts in many languages, but he always used 
words in a very personal way. One could often spot people who had spent 
some time at his institute by their having picked up some of his characteris- 
tic phrases — for example, “It is not the meaning . . . ” (in German, “Die 
Meinung ist nicht . . . ”), in the sense “It is not my intention to... ” 

Bohr’s spoken or written words were not always easy to follow. As he 
liked to say, truth was complementary to clarity —and in his papers he 
leaned far toward the side of truth! The early drafts of his papers were often 
easier to read than the final product, because in revising the text he would 
add all the clauses and reservations that seemed to be necessary for the 
whole truth. Papers usually started with many handwritten drafts, followed 
by a number of typed ones, and a large number of proofs. He had an 
irrepressible tendency to keep improving things until the last possible 
moment. On one occasion, when he was inspecting the site where an 
extension to the institute was being constructed, the old foreman said: 
“Professor Bohr, look at the wall over there. If you want to move it again, 
you'd better be quick, because in a few hours the concrete will have set!” 

The long and abortive birth pangs of a well-known paper by Bohr, 
George Placzek, and me on nuclear reactions were only partly due to Bohr’s 
preoccupation with wording. Although the three of us agreed about the 
results, there was a disagreement about method: Bohr wanted to discuss the 


It used to be recounted that Bohr 
had a horseshoe nailed over his front 
door for good luck, and that 
someone said to him: “But surely 
you don’t believe such superstitions?” 
To which Bohr is said to have 
replied: “Oh no, but I am told that it 
works even if you don’t believe it.” 
(However, it seems that the story 
may have been apocryphal and an in- 
vention of George Gamow’s.) 

After H. B, G. Casimir 
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Niels Bohr, pipe smoker. 
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situation in qualitative terms, which Placzek and I did not regard as compel- 
ling, whereas we wanted to use exact expansions, which Bohr regarded as 
too formal. The outbreak of World War II interrupted these protracted 
discussions, and the paper was never published.* 

Other characteristic incidents relate to the many long discussions at the 
institute, in which Bohr was so absorbed by the subject that he tended to be 
absent-minded about other matters. He usually had a cigar (later a pipe) in 
his hand, which would go out as he talked. He would pat all his pockets and 
then turn apologetically to his listeners: “Do you perhaps have a match?” 
Someone would produce a box, which he would use and then pocket. Five 
minutes later, the cigar was cold again, and after another patting of pockets 
the request would be repeated: “Do you have a match?” We learned to come 
to these sessions with a good supply of matches. 

Lighting a cigar was not easy for Bohr, because he liked to light it holding 
it in his hand while talking. I long treasured as a souvenir a piece of chalk 
with one end blackened by soot. Evidently he had been deep in discussion, 
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holding both the chalk and the cigar, and had applied the match to the 
wrong object. 

I would not want it thought that these little disrespectful trivia sum up 
my recollections of Niels Bohr. I am mindful of the saying “No man is a 
hero to his valet,” and perhaps I am writing here from the viewpoint of the 
valet. Yet for me Bohr remains a hero. His greatness as a scientist and 
thinker, his influence on all those who worked with him, and his generous 
kindness are well known. My little stories, which are perhaps less well 
known, help me see him as a human being and hence increase my affection 
for him. 
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Hans Bethe was born in Strassburg 
(Alsace-Lorraine) and received his 
early training at Munich. In 1933 he 
came to the University of Manches- 
ter, but shortly afterward moved to 
the United States, where he was on 
the faculty of Cornell University 
from 1935 until his retirement. He 
received the Nobel Prize for physics 
in 1967 for his many contributions to 
theoretical nuclear physics, especially 
his discoveries concerning the mech- 
anism of energy production in stars. 
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In contrast to most of my contemporaries among theoretical physicists, I 
did not make frequent and long visits to the Niels Bohr Institute during my 
early career. It was not until six years after obtaining my Ph.D. that I visited 
Copenhagen, for about four weeks in the summer of 1934. 

I had relatively little direct contact with Bohr, but I heard him deliver 
lectures and participate in discussions at the colloquia. I remember particu- 
larly an incident during a colloquium on joint work by Edward Teller and 
Fritz Kalckar. The lecturer was Kalckar, who spoke in German, and the 
talk was far from clear. After a while Bohr said, “Let Teller continue; he can 
speak in English.” It was a typical remark, indicating politely that probably 
Teller could give a clearer presentation of the physics. 

At that time, Bohr was deeply involved in his work with Léon Rosenfeld 
on the observables in an electromagnetic field. It was too difficult for me to 
understand these intricacies. I was very much preoccupied by my own 
concerns, especially the offer of an assistant professorship from Cornell 
University, which promised to give me a permanent job. I accepted imme- 
diately. In physics, I was most interested in nuclear physics, especially the 
simplest nuclei. Bohr was not yet very interested in the nucleus, so he and I 
had little personal interaction on scientific matters. But of course I was 
very stimulated by all the people at the institute. 

My main contact among older people was James Franck, to whom Bohr 
had given a temporary position prior to his permanent appointment at the 
University of Chicago. Among my own generation, I associated much with 
Edward Teller, and with Victor Weisskopf. I gave a talk at the colloquium 
on nuclear collisions, using the approach which would now be called direct 
reactions. Bohr did not seem to be much impressed, and subsequent histori- 
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cal research has shown that this occasion was probably not what stimulated 
him to conceive the compound nucleus. 

Immediately after the discovery of fission — that is, early in 1939 — Bohr 
spent several months at the Institute for Advanced Study in Princeton. The 
next contact I remember having with Bohr after that visit was a little 
drawing he sent to the United States after he had escaped from Denmark to 
Sweden in 1943. The drawing, attributed to Heisenberg, had been made 
when Heisenberg had visited Bohr in Copenhagen. Bohr sent it to Los 
Alamos, where several of us, including Oppenheimer, Teller, and myself, 
puzzled over its meaning. As far as we could see, the drawing represented a 
nuclear power reactor with control rods. But we had the preconceived 
notion that it was supposed to represent an atom bomb. So we wondered: 
Are the Germans crazy? Do they want to drop a nuclear reactor on London? 

Some time later (I believe early in 1944) Bohr himself came to Los 
Alamos, accompanied by his son Aage. I was charged with explaining to 
them the status of the project. It was a great pleasure to do this, and Bohr 
asked me many questions. At the end he concluded that we at Los Alamos 
knew what we were doing, that we were sure to succeed, and that we did 
not need his help. 

However, once in 1945, Robert Bacher did ask for Bohr’s help. This was 
on the question of the initiator for the first plutonium bomb — the device 
that was to inject neutrons at the right moment, and not before. There were 
two separate designs, one favored by Fermi, and the other by nearly all 
those who had worked on the design. It was difficult to decide against the 
opinion of Fermi, so Bacher asked Bohr’s still higher authority. Bohr 
decided in favor of the design that most of us preferred. 

Bohr spent the bulk of his time in the United States on his political aims. 
His talks with Roosevelt, and especially his disastrous talk later with 
Churchill, have often been described. At Los Alamos, Bohr talked repeat- 
edly with Oppenheimer on his ideas for international control of atomic 
energy and weapons. This surely laid the groundwork for Oppenheimer’s 
later work, on the commission headed by David Lilienthal, regarding the 
establishment of an international control organization. As is well known, 
this program was endorsed by Dean Acheson, and presented to the United 
Nations by Bernard Baruch, on behalf of the U.S. government. It was not 
accepted. 

After the Second World War, I paid several visits to Copenhagen, some 
in connection with scientific conferences, others for purely scientific rea- 
sons. Bohr was most interested in improving the support for science in the 
Nordic countries. From that time stems the foundation of NORDITA. He 
was also able to get greater support for physics from the Danish govern- 
ment. Initially, he was less interested in CERN. But once the support for 
physics in the Nordic countries was assured, he threw his weight whole- 
heartedly into the debate in favor of CERN. 

During each visit to Copenhagen, I was invited to Bohr’s home in 


233 


In the World of Nuclear Physics 


234 


Carlsberg, usually with only a few others. Before dinner, Bohr would take 
me fora stroll through the beautiful grounds and we would discuss the state 
of nuclear weapons and other armaments. Clearly the Lilienthal plan was 
no longer feasible. We discussed some of the concrete problems involved in 
fostering understanding and disarmament; as I recall, these included nu- 
clear test ban efforts, in which I was very much involved. 

But Bohr’s main interest was his idea that there should be an “open 
world”—a notion on which he wrote a manifesto. He believed that by 
removing secrecy and fostering visits across national boundaries, the world 
could achieve better understanding. In fact, around 1955, a step in this 
direction was taken at the first international conference on nuclear power at 
Geneva. Since then, the Bohr Institute and NORDITA have been meeting 
places for scientists from East and West. But the world remains far from 
open. 

I was looking forward to talking about these matters with Bohr again in 
1964, when I would spend several months in Copenhagen. I made the visit, 
but unfortunately Bohr had died the year before. 

After the war, Bohr’s scientific interests turned to quantum electrody- 
namics. Especially important was the Pocono conference in 1949. Bohr, 
like all the rest of us, listened hour after hour to Julian Schwinger’s talk 
about his formulation of quantum electrodynamics. Bohr was obviously 
very impressed; Schwinger’s work started from standard formulations of 
relativistic quantum theory and electrodynamics, and then developed an 
entire scheme of renormalization. Richard Feynman, however, did not fare 
well. He spoke much more briefly and introduced entirely new concepts, 
such as electrons going backward in time. All this was apparently confusing 
to Bohr (and to most other people who had not grown up with the theory, 
as I had). So Bohr gave Feynman a hard time, and I had to console Feynman 
afterward when we got back to Cornell. Not long after this, Freeman 
Dyson proved that the theories of Feynman and of Schwinger were funda- 
mentally identical. 

Some ten years later, Feynman and Bohr met again at a Solvay conference 
in Brussels. Feynman gave a beautiful talk on all the experimental confir- 
mations of renormalization theory in quantum electrodynamics, especially 
the precision measurement and calculation of the Lamb shift. Bohr became 
very unhappy: Are there then no paradoxes left in quantum electrody- 
namics? That would be terrible, because then we would have no way to 
search for a better theory. 

Niels Bohr would probably have liked the unification of electrodynamics 
and weak interaction theory by Stephen Weinberg, Abdus Salam, and 
Sheldon Glashow. Their solution, I believe, was very much the one he 
would have liked to see. He would also have liked the richness of the 
attempts to develop a grand unified theory, and his deep intuition might 
well have contributed an essential idea to this theory. 
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TRANSMUTATIONS OF ATOMIC NUCLEI 


By Professor NIELS BOHR 
INSTITUTE OF THEORETICAL PHYSICS, UNIVERSITY OF COPENHAGEN 


Ir has been pointed out on an earlier occasion? that 
in order to understand the typical features of nuclear 
transmutations initiated by impaets of material par- 
ticles it is necessary to assume that the first stage of 
any such collision process consists in the formation of 
an intermediate semi-stable system composed of the 
original nucleus and the incident particle. The excess 
energy must in this state be assumed to be tempo- 
rarily stored in some complicated motions of all the 
particles in the eompound system, and its possible 
subsequent breaking up with the release of some ele- 
mentary or complex nuelear particle may from this 
point of view be regarded as a separate event not 
directly connected with the first stage of the collision 

1 Abstract of lectures given in the spring of 1937 at 
various universities in the United States, The illustrations 


are reproductions of three slides shown in these lectures. 
2N. Bohr, Nature, 187: 344, 1936, 


process. The final result of the collision may therefore 
be said to depend on a competition between all the 
various disintegration and radiation processes from the 
compound system consistent with the conservation 
laws. 

A simple mechanical model which illustrates these 
features of nuclear collisions is reproduced in Fig. 1 
which shows a shallow basin with a number of billiard 
balls in it. If the bowl were empty, then a ball which 
was sent in would go down one slope and pass out on 
the opposite side with its original energy. When, how- 
ever, there are other balls in the bowl, then the incident 
one will not be able to pass through freely but will 
divide its energy first with one of the balls, these two 
will share their energy with others, and so on until the 
original kinetie energy is divided among all the balls. 
If the bow] and the balls could be regarded as perfectly 
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smooth and elastic, the collisions would continue until a 
sufficiently large part of the kinetic energy happened 
again to be concentrated upon a ball close to the edge. 
This ball would then escape from the basin, and if the 
energy of the incident ball were not very large, the 
remainder of the balls would be left with insufficient 
total energy for any of them to climb the slope. If, 
however, there were even a very small friction between 
the balls and the basin or if the balls were not perfectly 
elastic, it might very well happen that none of the 
balls would have a chance to escape before so much 
of the kinetic energy were lost as heat through friction 
that the total energy would be insufficient for the 
escape of any of them. 





Such a comparison illustrates very aptly what hap- 
pens when a fast neutron hits a heavy nucleus. On 
account of the large number of particles which in this 
ease constitute the compound system and their strong 
interaction with one another, we must in fact expect 
from this simple mechanical analogy that the lifetime 
of the intermediate nueleus is very long compared with 
the time taken by a fast neutron to cross a nucleus. 
This explains, first of all, that although the prob- 
ability for a heavy nucleus to emit electromagnetic 
radiation in such a time is extremely small, never- 
theless there is on account of the long life of the 
compound nucleus a not quite negligible probability 
that the system instead of releasing a neutron will 
emit its excess energy in the form of electromagnetic 
radiation. Another experimental fact, which is easily 
understood from such a picture, is the surprisingly 
large probability of inelastie collisions, resulting in 
the emission of a neutron with a much smaller energy 
than the incident one. Indeed from the above con- 
siderations it is clear that a disintegration process of 
the compound system, which claims a smaller amount 
of energy concentrated on one single particle, will be 
mueh more likely to occur than a disintegration, in 
which all the excess energy has to be concentrated 
on the escaping particle. 

At first sight such simple mechanical considerations 
might be thought to contradict the fact, so well estab- 
lished from the study of the radioactive y-ray spectra, 
that nuclei like atoms possess a discrete distribution 
of energy levels. For in the above diseussion it was 


essential that the compound system would be formed 
for practically any kinetic energy for the incident 
neutron. We must realize, however, that in the im- 
pacts of high-speed neutrons we have to do with an 
excitation of the compound system far greater than 
the excitation of ordinary y-ray levels. While the 
latter at most amounts to a few million volts, the 
excitation in the former case will considerably exceed 
the energy necessary for the complete removal of a 
neutron from the normal state of the nucleus, which 
from mass defect measurements can be estimated to 
be about eight million electron volts. 

Fig. 2 then illustrates in a schematic way the general 
character of the distribution of energy levels for a 
heavy nucleus. The lower levels, which have a mean 
energy difference of some hundred thousand volts, 
correspond to the y-ray levels found in radioactive 
nuelei. For increasing excitation the levels will rap- 
idly come closer to one another and will for an ex- 
citation of about 15 million volts, corresponding to a 
collision between a nucleus and a high-speed neutron, 
probably be quite continuously distributed. The char- 
acter of the upper part of the level scheme is illus- 
trated by the two lenses of high magnification placed 
over the level diagram, one in the above-mentioned 





region of continuous energy distribution and the other 
in the energy region corresponding to the excitation 
which the addition of a very slow neutron to the 
original nucleus would give for the compound system 
thus formed. The dotted line in the middle of the field 
of the lower magnifying glass represents the excitation 
energy of the compound nucleus when the kinetie 
energy of the incident neutron is exaetly zero, and 
the distance from this line down to the ground state 
is therefore just the binding energy of the neutron in 
the compound system. 





Information about the level distribution in the 
energy region near this line can be obtained from 
experiments on the eapture of very slow neutrons with 
energies of a fraction of a volt. Thus if the kinetic 
energy of the incident neutron just corresponds to the 
energy of one of the stationary states of the compound 
system, quantum mechanical resonance effects will 
occur, which may give effective cross sections for 
eapture of the neutrons several thousand times larger 
than ordinary nuclear cross sections. Such selective 
effects have actually been found for a number of ele- 
ments, and it has further been found that the breadth 
of the resonance region in all these cases is only a 
small fraction of a volt.2 From the relative incidence 
of selective capture among the heavier elements and 
from the sharpness of the resonances, it can be esti- 
mated that the mean distance of levels in this energy 
region is of the order of magnitude of about 10-100 
electron volts. In the field of the lower magnifying 
glass in Fig. 2 there are indicated a number of such 
levels, and the cireumstance that one of these levels 
is very close to the dotted line corresponds to the pos- 
sibility of selective capture for very slow neutrons in 
this particular case. 

The distribution of energy levels indicated in Fig. 2 
is of a very different character from that with which 
we are familiar in ordinary atomic problems where 
on aceount of the small coupling between the indi- 
vidual electrons bound in the field round the nucleus 
the excitation of the atom can in general be attributed 
to an elevated quantum state of a single particle. 
The nuclear level distribution is, however, just of the 
type to be expected for an elastic body, where the 
energy is stored in vibrations of the system as a 
whole. For, on account of the enormous increase in 
the possibilities of combination of the proper fre- 
quencies of such motions with inereasing values of the 
total energy of the system, the distance between neigh- 
boring levels will decrease very rapidly for high excita- 
tions. Indeed, considerations of the above character 
are well known from the diseussion of the specific heat 
of solid bodies at low temperatures. 

Thermodynamical analogies can also be applied in a 
fruitful way for the diseussion of the disintegration 
of the compound system with release of material par- 
ticles. Especially the case of emission of neutrons, 
where no forces extend beyond proper nuclear dimen- 
sions, exhibits a very suggestive analogy to the evapo- 
ration of a liquid or solid body at low temperature. 


3 The phenomenon of selective capture of slow neutrons, 
which shows an interesting formal analogy with optical 
resonance, has especially been studied in a poper of G, 
Breit and E. Wigner (Phys. Rev., 49: 642, 1936). Esti- 
mates from experimental evidence of the breadth of the 
levels were first given by O. R. Frisch and G. Placzek 
(Nature, 137: 357, 1936) and have been discussed in 
details in a recent paper by H. Bethe and G, Placzek 
(Phys. Rev., 51: 450, 1937). 
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In fact, it has been possible from the approximate 
knowledge of the level system of nuclei at low excita- 
tions to get an estimate of the “temperature” of the 
compound nucleus, which leads to evaporation prob- 
abilities for neutrons consistent with the lifetimes for 
the compound system in fast neutron collisions derived 
from the analysis of experiments.* 

Fig. 3 illustrates the course of a collision between a 
fast neutron and a heavy nucleus. To follow the simple 
trend of the arguments, an imaginary thermometer has 
been introduced into the nucleus. As the figure shows, 
the seale on the thermometer is in billions of degrees 
centigrade, but in order to get a more familiar measure 
for the temperature energy, one has also added another 
scale to the thermometer showing the temperature in 
millions of electron volts. The figures give the different 
stages of the collision process. To begin with, the 
original nucleus is in its normal state and the tempera- 
ture is zero. After the nucleus has been struck by a 
neutron with about ten million volts kinetic energy, a 
compound nucleus is formed with 18 million volts 
energy, and the temperature is raised from zero to 





Fig. 3 


roughly one million volts. The irregular contour of 
the nucleus symbolizes the oscillations in shape corre- 
sponding to the different vibrations excited at the tem- 
perature in question. The next figure shows how a 
neutron eseapes from the system and the excitation, 
and accordingly the temperature, is somewhat lowered. 
In the last stage of the process the remaining part of 
the energy is emitted in the form of electromagnetic 
radiation and the temperature drops down to zero. 
The course of the collision described above is the 


4 The idea of applying for the probability of neutron 
escape from compound nuclei the usual evaporation for- 
mula was first proposed by J. Frenkel (Sow. Phys., 9: 
533, 1936). <A more detailed investigation on the basis 
of general statistical mechanics is given in a paper by 
VY. Wersskopf (Phys. Review, in print). 
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most probable one if the energy of the incident neutron 
is large, but for lower energies of the neutron the 
probabilities of escape and of radiation will beeome 
of the same order of magnitude, giving rise to a con- 
siderable probability for capture. If we finally go 
down to the region of very slow neutrons it is known 
experimentally that the probability for radiation is 
even very much larger than the probability of escape. 
It will, however, be clear that in this ease the analogy 
between neutron escape and evaporation will be quite 
inadequate, because the mechanism of escape, like the 
formation of the compound system, involves here 
specific quantum mechanical features which can not be 
analyzed in such a simple way. 

A quantitative comparison between ordinary evapo- 
ration and neutron escape can in fact be carried 
through only in case of excitation energies of the com- 
pound system, very large compared with the energy 
necessary for the removal of a single neutron, for only 
in this case will the excitation of the residual nucleus 
left after the escape of a neutron be nearly equal to 
that of the eompound system, as is assumed in the 
usual evaporation phenomena where the change in the 
heat content of the bodies concerned during the escape 
of a single gas molecule is negligibly small. The above 
considerations ean therefore be applied in this simple 
form only when the change in the temperature in going 
from the second to the third stage in Fig. 3 is com- 
paratively small. 

Although the conditions for the application of the 
evaporation analogy are in general not strictly fulfilled 
in the experiments on fast neutron impacts so far car- 
ried out, there are still a great number of more qualita- 
tive consequences derivable from the analogy, which 
are very useful in the discussion of such collision proe- 
esses. For instance, the above-mentioned large proba- 
bility of energy loss in collisions between fast neutrons 
and nuclei just corresponds to the fact, that the mole- 
ecules released in ordinary evaporation do not take the 
whole energy of the hot body, but that they in general 
come off with the much smaller energy per degree of 
freedom corresponding to the temperature of the 
evaporating body. It should further be expected 
from the thermodynamic analogy that the released 
particles would have an energy distribution around 
this mean value which corresponds to the Maxwel- 
lian distribution. If the energy of the incident neu- 
tron is several times larger than the binding energy 
per particle, it can moreover be predicted that not one 
single particle but several particles, each with an 
energy small compared to that of the incident particle, 
will leave the eompound system in successive separate 
disintegration processes. Nuclear reactions of this 
type have actually been experimentally found to take 
place in a number of cases. 





The above considerations can also be applied to the 
release of charged particles like protons and a-particles 
from the compound system, but it must be kept in mind 
that in this case the latent heat of evaporation 1s not 
simply the binding energy of the charged particle, but 
that we have to add to this the electrostatic energy due 
to the mutual repulsion of the escaping particle and 
the residual nucleus. This repulsion will moreover 
have the effect of speeding up the particles after their 
escape from the nucleus, and the mean kinetic energy 
of the charged particles will thus be larger than that 
of the neutrons by an energy amount correspond- 
ing to this repulsion. We should, therefore, expect 
that the most probable energy of the emitted particles 
would be approximately equal to the sum of the tem- 
perature energy and the electrostatic repulsion, and 
that the probability for the emission of charged par- 
ticles with still larger energies would, as in the case of 
neutrons, decrease exponentially according to a Max- 
wellian distribution. This preference for nuclear 
processes, where the escaping charged particle takes 
only a part of the available energy, leaving the residual 
nucleus in an excited state, is in fact one of the most 
striking features of a great number of reactions in 
which protons or a-particles are emitted from the eom- 
pound system. 

So far we have mainly been concerned with nuclear 
processes initiated by impacts of neutrons. Similar 
considerations concerning the formation of an inter- 
mediate state will, however, apply for collisions be- 
tween charged particles and nuclei; but in this case 
it must be taken into account that the repulsive electric 
forces acting between the positively charged nuclei may 
often for small kinetic energies of the incident particle 
prevent or make less probable the contact necessary for 
the establishment of the compound nucleus. The com- 
bined action of this electrostatic repulsion of nuclear 
particles at great distances and their strong attraction 
at smal] distances can in fact be simply deseribed by 
saying that the nucleus is surrounded by a so-called 
“potential barrier” which the incident charged par- 
ticles have to pass in order to come in contact with 
the nucleus. As is well known from the explanation 
of the laws governing the spontaneous a-ray disintegra- 
tion of radioactive nuelei, a charged particle may in 
quantum mechanies have a probability of penetrating 
through such a potential barrier, even in cases where 
the particle on classical mechanics, on account of its 
insufficient energy, would be stopped at the surface of 
the barrier. This quantum mechanical effect gives also 
a familiar explanation of the experimental fact that 
slow protons, when striking not too heavy nuelei, have 
been found to have a considerable probability of pro- 
ducing nuclear disintegrations, even for energies where 
classically the particles would be prevented by the 


electric repulsion from coming in contact with the 

Another imteresting feature im collisions between 
charged particles and lighter nuclei is the remarkable 
resonance effects found for disintegrations caused by 
impacts of protons and o-particles. As in the ease of 
selective effects of slow neutrons, such resonanees must 
be ascribed to the comeidence of the sum of the energies 
of the incident particle and the ormimal nucleus with 
a stahonary state of the compound system correspond- 
img to some quantized collective type of motion af all 
its constituent particles.© Especially in case of a-par- 
ticle impacts, much information concerning the distri- 
bution of highly excited levels im lighter nuclei has been 
derived from such resonance effects. In contrast to 
the dense distribution of levels found in heavier nuclei, 
the spacing of the levels im this case is as large as 
several hundred thousand volts for an exeitation con- 
siderably higher than ten milhon volts. This result 
«an, however, be readily understood if one realizes 
that the lowest excited levels are farther away from 
each other Zor light nuclei ‘then for ‘heavier and that 
therefore the number of possible combmations of 
(lien Mitelie sie sn cetincen salle seb he se eae 
in the first case than in the second. 

Not only the distances between the resonance levels, 
but also their half valne breadths, are im general mueh 
larger in lighter nuelei than in heavier, indicating that 
the lifetime of the eeate cane 
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eomes first of all from the cireumstance that the 
resonances in heavy nuclei are tend nly for very 
slow particles, where the probability for escape is ex- 
tremely small, so that the lifetime of the compound 
system is only limited by the probability of emission 
of electromagnetic radiation, whereas in lighter nuclei 
the lifetime is m general entirely determined by the 
Quite apart from this, we should, however, expect that 
the lifetime of a heavy nmucleus—even if the nucleus 
were highly enough excited to emit fast particles— 
would be much longer than of a light nuelens on 
account of the lower temperature to be aseribed to a 
heavy nueleus than to 2 lighter one for a given excita- 
tion energy. 

In fact, it would appear that quite simple consider- 
ations such as those here outlmed enable us to account 
in a genera! way for the peculiar features of nuclear 
reactions initiated by collisions. Likewise it seems 
tween the radiation properties of nuclei and those of 
atoms by means of similar considerations based also 
essentially on the extreme facility of energy exchange 
between ‘the closdly packed nuclear particles es com- 
binding of 
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siderations, which lie outside the seope of the present 
brief report.” 
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On the basis of the liquid drop model of atomic nuclei, an account is given of the mechanism 
of nuclear fission. In particular, conclusions are drawn regarding the variation from nucleus 
to nucleus of the critical energy required for fission, and regarding the dependence of fission 
cross section for a given nucleus on energy of the exciting agency. A detailed discussion of the 
observations is presented on the basis of the theoretical considerations. Theory and experiment 
fit together in a reasonable way to give a satisfactory picture of nuclear fission. 


INTRODUCTION 


HE discovery by Fermi and his collaborators 
that neutrons can be captured by heavy 
nuclei to form new radioactive isotopes led 
especially in the case of uranium to the inter- 
esting finding of nuclei of higher mass and charge 
number than hitherto known. The pursuit of 
these investigations, particularly through the 
work of Meitner, Hahn, and Strassmann as well 
as Curie and Savitch, brought to light a number 
of unsuspected and startling results and finally 
led Hahn and Strassmann! to the discovery that 
from uranium elements of much smaller atomic 
weight and charge are also formed. 

The new type of nuclear reaction thus dis- 
covered was given the name “‘fission’’ by Meitner 
and Frisch,? who on the basis of the liquid drop 
model of nuclei emphasized the analogy of the 
process concerned with the division of a fluid 
sphere into two smaller droplets as the result of a 
deformation caused by an external disturbance. 
In this connection they also drew attention to the 
fact that just for the heaviest nuclei the mutual 
repulsion of the electrical charges will to a large 
extent annul the effect of the short range nuclear 
forces, analogous to that of surface tension, in 
opposing a change of shape of the nucleus. To 
produce a critical deformation will therefore 
require only a comparatively small energy, and 
by the subsequent division of the nucleus a very 
large amount of energy will be set free. 

1. Hahn and F. Strassmann, Naturwiss. 27, 11 (1939); 


see, also, P. Abelson, Phys. Rev. 55, 418 (1939). 
7L. Meitner and O. R. Frisch, Nature 143, 239 (1939), 


Just the enormous energy release in the fission 
process has, as is well known, made it possible to 
observe these processes directly, partly by the 
great ionizing power of the nuclear fragments, 
first observed by Frisch® and shortly afterwards 
independently by a number of others, partly by 
the penetrating power of these fragments which 
allows in the most efficient way the separation 
from the uranium of the new nuclei formed by the 
fission.’ These products are above all character- 
ized by their specific beta-ray activities which 
allow their chemical and spectrographic identifi- 
cation. In addition, however, it has been found 
that the fission process is accompanied by an 
emission of neutrons, some of which seem to be 
directly associated with the fission, others associ- 
ated with the subsequent beta-ray transforma- 
tions of the nuclear fragments. 

In accordance with the general picture of 
nuclear reactions developed in the course of the 
last few years, we must assume that any nuclear 
transformation initiated by collisions or irradi- 
ation takes place in two steps, of which the first is 
the formation of a highly excited compound 
nucleus with a comparatively long lifetime, while 

8Q. R. Frisch, Nature 143, 276 (1939); G. K. Green and 
Luis W. Alvarez, Phys. Rev. 55, 417 (1939); R. D. Fowler 
and R. W. Dodson, Phys. Rev. 55, 418 (1939); R. B. 
Roberts, R. C. Meyer and L. R. Hafstad, Phys. Rev. 55, 
417 (1939); W. Jentschke and F. Prankl, Naturwiss. 27, 
134 (1939); H. L. Anderson, E. T. Booth, J. R. Dunning, 
E. Fermi, G. N, Glasoe and F. G. Slack, Phys. Rev. 55, 
511 (1939). 

‘F. Joliot, Comptes rendus 208, 341 (1939); L. Meitner 
and ©. R. Frisch, Nature 143, 471 (1939); H. L. Anderson, 


E. T. Booth, J. R. Dunning, E. Fermi, G. N. Glasoe and 
F. G. Slack, Phys. Rev. 55, 511 (1939), 


the second consists in the disintegration of this 
compound nucleus or its transition to a less 
excited state by the emission of radiation. For a 
heavy nucleus the disintegrative processes of the 
compound system which compete with the 
emission of radiation are the escape of a neutron 
and, according to the new discovery, the fission 
of the nucleus. While the first process demands 
the concentration on one particle at the nuclear 
surface of a large part of the excitation energy of 
the compound system which was initially dis- 
tributed much as is thermal energy in a body of 
many degrees of freedom, the second process 
requires the transformation of a part of this 
energy into potential energy of a deformation of 
the nucleus sufficient to lead to division.® 

Such a competition between the fission process 
and the neutron escape and capture processes 
seems in fact to be exhibited in a striking manner 
by the way in which the cross section for fission 
of thorium and uranium varies with the energy 
of the impinging neutrons. The remarkable 
difference observed by Meitner, Hahn, and 
Strassmann between the effects in these two 
elements seems also readily explained on such 
lines by the presence in uranium of several stable 
isotopes, a considerable part of the fission 
phenomena being reasonably attributable to the 
rare isotope U** which, for a given neutron 
energy, will lead to a compound nucleus of 
higher excitation energy and smaller stability 
than that formed from the abundant uranium 
isotope.® 

In the present article there is developed a more 
detailed treatment of the mechanism of the 
fission process and accompanying effects, based 
on the comparison between the nucleus and a 
liquid drop. The critical deformation energy is 
brought into connection with the potential 
energy of the drop in a state of unstable equilib- 
rium, and is estimated in its dependence on 
nuclear charge and mass. Exactly how the 
excitation energy originally given to the nucleus 
is gradually exchanged among the various degrees 
of freedom and leads eventually to a critical 
deformation proves to be a question which needs 
not be discussed in order to determine the fission 
probability. In fact, simple statistical con- 


’N. Bohr, Nature 143, 330 (1939), 
*N. Bohr, Phys. Rev. 55, 418 (1939). 
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siderations lead to an approximate expression for 
the fission reaction rate which depends only on 
the critical energy of deformation and the prop- 
erties of nuclear energy level distributions. The 
general theory presented appears to fit together 
well with the observations and to give a satis- 
factory description of the fission phenomenon. 

For a first orientation as well as for the later 
considerations, we estimate quantitatively in 
Section I by means of the available evidence the 
energy which can be released by the division of a 
heavy nucleus in various ways, and in particular 
examine not only the energy released in the 
fission process itself, but also the energy required 
forsubsequent neutron escape from the fragments 
and the energy available for beta-ray emission 
from these fragments. 

In Section II the problem of the nuclear 
deformation is studied more closely from the 
point of view of the comparison between the 
nucleus and a liquid droplet in order to make an 
estimate of the energy required for different 
nuclei to realize the critical deformation neces- 
sary for fission. 

In Section III the statistical mechanics of the 
fission process is considered in more detail, and an 
approximate estimate made of the fission proba- 
bility. This is compared with the probability of 
radiation and of neutron escape. A discussion is 
then given on the basis of the theory for the 
variation with energy of the fission cross section. 

In Section IV the preceding considerations are 
applied to an analysis of the observations of the 
cross sections for the fission of uranium and 
thorium by neutrons of various velocities. In 
particular it is shown how the comparison with 
the theory developed in Section III leads to 
values for the critical energies of fission for 
thorium and the various isotopes of uranium 
which are in good accord with the considerations 
of Section IT. 

In Section V the problem of the statistical 
distribution in size of the nuclear fragments 
arising from fission is considered, and also the 
questions of the excitation of these fragments and 
the origin of the secondary neutrons. 

Finally, we consider in Section VI the fission 
effects to be expected for other elements than 
thorium and uranium at sufficiently high neutron 
velocities as well as the effect to be anticipated in 
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thorium and uranium under deuteron and proton 
impact and radiative excitation. 


I. ENERGY RELEASED BY NUCLEAR DIVISION 


The total energy released by the division of a 
nucleus into smaller parts is given by 


AE=(M,—2M ic, (1) 
where My and M; are the masses of the original 
and product nuclei at rest and unexcited. We 
have available no observations on the masses of 
nuclei with the abnormal charge to mass ratio 
formed for example by the division of such a 
heavy nucleus as uranium into two nearly equal 
parts. The difference between the mass of such a 
fragment and the corresponding stable nucleus of 
the same mass number may, however, if we look 
apart for the moment from fluctuations in energy 
due to odd-even alternations and the finer 
details of nuclear binding, be reasonably assumed, 
according to an argument of Gamow, to be 
representable in the form 


M(Z, A)—M(Za, A)=3Bi(Z—Za)*, (2) 


where Z is the charge number of the fragment 
and Z,4 is a quantity which in general will not be 
an integer. For the mass numbers A = 100 to 140 
this quantity Z4 is given by the dotted line in 
Fig. 8, and in a similar way it may be determined 
for lighter and heavier mass numbers. 

Bs is a quantity which cannot as yet be 
determined directly from experiment but may be 
estimated in the following manner. Thus we may 
assume that the energies of nuclei with a given 
mass A will vary with the charge Z approxi- 
mately according to the formula 
TABLE I. Values of the quantities which appear in Eqs. (6) 


and (7), estimated for various values of the nuclear mass 
number A. Both Ba and i4 are in Mev. 





A | ZA Ba | 
30 | 23.0 3.5 2.4 150 | 62.5 | 1.2 1.5 
60 | 27.5 3.3 2.8 160 | 65.4 | 1.1 1.3 
70 | 31.2 2.5 Zu 170 | 69.1 | 1.1 lis 
80 | 35.0 2.2 2.7 180 | 72.9 | 1.0 lis 
90 | 39.4 2.0 2.7 | 190 | 76.4) 1.0 Ll. 
100 | 44.0 2.0 2.6 200 | 80.0 | 0.9, lay 
110 | 47.7 1.7 2.4 || 210 | 83.5 | 0.9, ly 
120 | 50.8 5 24 220 | 87.0 | 0.8, L.y 
130 | 53.9 1.3 Lig 230 | 90.4 | 0.8, lia 
140 | 58.0 1.2 lig 240 | 93. 0.8 lie 





M(Z, A)=Cat+3Ba' (Z—43A)’ 


+(Z—4$A)(Mp— My) +327%e7/Sr0A*. (3) 


Here the second term gives the comparative 
masses of the various isobars neglecting the 
influence of the difference MM, —.M, of the proton 
and neutron mass included in the third term and 
of the pure electrostatic energy given by the 
fourth term. In the latter term the usual assump- 
tion is made that the effective radius of the 
nucleus is equal to r»A}, with ro estimated as 
1.48 x 10-8 from the theory of alpha-ray disinte- 
gration. Identifying the relative mass values 
given by expressions (2) and (3), we find 


Bal =(M,—M,+6Z4e?/5roA})/(4A4—Za) (4) 
and 


Bs=Ba'+6e?/5r A$ 

= (M,—M,+3A'e?/5r0)/(GA—Za). (5) 
The values of B, obtained for various nuclei from 
this last relation are listed in Table I. 

On the basis just discussed, we shall be able to 
estimate the mass of the nucleus (7, A) with the 
help of the packing fraction of the known nuclei. 
Thus we may write 


M(Z, A)=A(1+fa) 
+0 fA odd 
-3B4(Z—Z,)*—3644A even, Zevenr, (6) 
+36, (A even, Z odd 


where f, is to be taken as the average value of the 
packing fraction over a small region of atomic 
weights and the last term allows for the typical 
differences in binding energy among nuclei 
according to the odd and even character of their 
neutron and proton numbers. In using Dempster’s 
measurements of packing fractions we must 
recognize that the average value of the second 
term in (6) is included in such measurements.’ 
This correction, however, is, as may be read from 
Fig. 8, practically compensated by the influence 
of the third term, owing to the fact that the great 
majority of nuclei studied in the mass spectro- 
graph are of even-even character. 

From (6) we find the energy release in- 
volved in electron emission or absorption by a 
nucleus unstable with respect to a beta-ray 


7A. J. Dempst , Phys. Rev. 53, 869 (1938). 


transformation : 
+0 fA odd 


Es=Ba\|\Z4—Z|—4} —644.A even, Z even}. 
+6, LA even, Z odd 


This result gives us the possibility of estimating 
é4 by an examination of the stability of isobars of 
even nuclei. In fact, if an even-even nucleus is 
stable or unstable, then 6, 1s, respectively, greater 
or less than By{|Z,4—A|—}]. For nuclei of 
medium atomic weight this condition brackets 6,4 
very closely; for the region of very high mass 
numbers, on the other hand, we can estimate 6,4 
directly from the difference in energy release of 
the successive beta-ray transformations 


Uxy— (UX, UZ) —Un, 
MsTh;—MsThy—RaTh, RaD—-RaE—RaF. 


The estimated values of 6, are collected in 
Table I. 

Applying the available measurements on 
nuclear masses supplemented by the above con- 
siderations, we obtain typical estimates as shown 
in Table II for the energy release on division of a 
nucleus into two approximately equal parts.* 

Below mass number A~100 nuclei are ener- 
getically stable with respect to division; above 
this limit energetic instability sets in with respect 


(7) 


TABLE II. Estimates for the energy release on diviston of 
typical nuclet into two fragments are given in the third column. 
In the fourth is the estimated value of the total additional 
energy release associated with the subsequent beta-ray trans- 
formations. Energies are in Mev. 


ORIGINAL Two Propwucts Division | SUBSEQUENT 
op Nist PP) Gl a —_ ii ? 
soon? 2g Mn58. 59 10 12 
egEer™87 se", 4 O4 1 3 
a Pb a Nb!2. 103 120 32 
gg T*3? wPd?. 20 200 31 


to division into two nearly equal fragments, 
essentially because the decrease in electrostatic 


* Even if there is no question of actual fission processes 
by which nuclei break up into more than two comparable 

rts, it may be of interest to point out that such divisions 
in many cases would be accompanied by the release of 
energy. Thus nuclei of mass number greater than A=110 
are unstable with respect to division into three nearly 
equal parts. For uranium the corresponding total energy 
liberation will be ~210 Mev, and thus is even somewhat 
greater than the release on division into two parts, The 
energy evolution on division of U** into four comparable 
parts will, however, be about 150 Mev, ancalready division 
into as many as 15 comparable parts will be endothermic. 
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Fic. 1. The difference in energy between the nucleus 


2" in its normal state and the ible fragment nuclei 
aku and gCd"™ (indicated by th crosses in the figure) 
is estimated to be 150 Mev as shown by the corresponding 
contour line. In a similar way the estimated energy release 
for division of U™® into other possible fragments can be 
read from the figure. The region in the chart associated 
with the greatest energy release is seen to be at a distance 
from the region of the stable nuclei (dots in the figure) 
corresponding to the emission of from three to five beta- 
rays. 


energy associated with the separation over- 
compensates the desaturation of short range 
forces consequent on the greater exposed nuclear 
surface. The energy evolved on division of the 
nucleus U2? into two fragments of any given 
charge and mass numbers is shown in Fig. 1. It is 
seen that there is a large range of atomic masses 
for which the energy liberated reaches nearly the 
maximum attainable value 200 Mev; but that 
for a given size of one fragment there is only a 
small range of charge numbers which correspond 
to an energy release at all near the maximum 
value. Thus the fragments formed by division of 
uranium in the energetically most favorable way 
lie in a narrow band in Fig. 1, separated from the 
region of the stable nuclei by an amount which 
corresponds to the change in nuclear charge 
associated with the emission of three to six beta- 
particles, 
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Abraham Pais was born in Amster- 
dam and obtained his Ph.D. at the 
University of Utrecht in 1941. After 
World War IT he joined the faculty 
of the Institute for Advanced Study 
in Princeton, where he became 
closely acquainted with Einstein: he 
is now Professor of Physics at Rocke- 
feller University, New York City. He 
has wide interests in theoretical 
physics and in the history of quan- 
tum theory. His biography of Ein- 
stein, Subtle Is the Lord, has won wide 
acclaim, 
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In January 1946 I came for the first time to Copenhagen from my native 
Holland, as a Rask-Oersted Fellow.' I was the first of the postwar genera- 
tion to come from abroad to Bohr’s institute for a long period of study. The 
morning after my arrival I went to Mrs. Schultz, the secretary, who told me 
to wait in the journal room adjoining the library, where she would call me 
as soon as Professor Bohr was free to see me. I had sat there reading for a 
while when someone knocked at the door. I said come in. The door 
opened. It was Bohr. And my first thought was, what a gloomy face. 

Then he began to speak. 

I have later often been puzzled about this first impression. It vanished the 
very moment Bohr started to talk to me that morning, never to return. 
True, one might correctly describe Bohr’s physiognomy as unusually heavy 
or rugged. Yet Bohr’s face is remembered by all who knew him for its 
intense animation and its warm, sunny smile. 

I did not see much of Bohr during the next month or so. After a brief trip 
to Norway, he was very busy with plans for the extension of his institute. I 
was soon invited for Sunday dinner at Carlsberg, however, and that evening 
I had my first opportunity to talk physics with Bohr in his study. I told him 
of things I had worked out during my years in hiding in Holland. These 
concerned the self - energy problem in quantum field theory. Briefly, in such 
a theory one considers a basic particle, like the electron, as an object without 
extension, a point. This assumption leads to the apparent difficulty that the 
electron thereby requires an infinite energy due to the electromagnetic field 
which it generates. At the time, I was concerned with the question of 
whether such infinities could be compensated for by a hypothetical cou- 
pling of the electron to another field of short range. While I was telling 
Bohr about this, he smoked his pipe, looked mainly at the floor, and rarely 


Reminiscences from the Postwar Years 


looked up at the blackboard on which I was enthusiastically writing for- 
mulas. After I had finished, Bohr did not say much, and I left a bit disheart- 
ened with the impression that he could not have cared less about the whole 
subject. I did not know Bohr well enough at the time to realize that this was 
not entirely true. Ata later stage I would have known right away that Bohr’s 
curiosity was aroused, as he had remarked neither that this was very, very 
interesting nor that we agreed much more than I thought. 

After this discussion we went back to the living room to rejoin the 
company. Then, as on later occasions, I felt fortunate to be for a while in the 
invigorating atmosphere of warmth and harmony which Mrs. Bohr and 
her husband knew how to create wherever they were in the world, but 
above all in their home. 

It would be wrong to suppose that evenings at the Bohrs’ were entirely 
filled with discussion of weighty matters. Sooner or later, for the purpose 
of illustrating some point, or just for the pleasure of it, Bohr would tell one 
or more stories. I believe that at any given time Bohr had about half a dozen 
favorite jokes. He would tell them; we would get to know them. Yet he 
would never cease to hold his audience. For me, to hear again the beginning 
of such a familiar tale would lead me to anticipate not so much the denoue- 
ment as Bohr’s own happy laughter upon the conclusion of the story. 

During the following weeks it became clear that Bohr had become quite 
interested in the problems of quantum theory which I had mentioned to 
him. Every now and then he would call me to his office to have me explain 
one or the other aspect of them. He was particularly intrigued by those 
arguments which showed that many elementary-particle problems (such as 
the self-energy question mentioned earlier) are fundamentally quantum 
problems which cannot be dealt with by the methods of classical physics. 
This view did not have as wide an acceptance at that time as was to be the 
case two years later, when the modern version of field theory known as the 
renormalization program began its development. 

Then, one day in May, Bohr asked me whether I would be interested in 
working together with him day by day for the coming months. I was 
thrilled, and accepted. The next morning I went to Carlsberg. The first 
thing Bohr said to me was that it would be profitable to work with him 
only if I understood that he was a dilettante. I reacted to this unexpected 
statement with a polite smile of disbelief. But evidently Bohr was serious. 
He explained how he had to approach every new question from a starting 
point of total ignorance. It is perhaps better to say that Bohr’s strength lay in 
his formidable intuition and insight, not at all in erudition. I thought of his 
remarks of that morning some years later, when I sat next to him during a 
colloquium in Princeton. The subject was nuclear isomers. As the speaker 
went on, Bohr got more and more restless and kept whispering to me that it 
was all wrong. Finally he could not contain himself and wanted to make an 
objection. But after having half raised himself he sat down again, looked at 
me with unhappy bewilderment, and asked: “What is an isomer?” 
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The first subject of our joint work was the preparation of Bohr’s opening 
address to the International Conference on Fundamental Particles to be 
held in July in Cambridge, England. It was the first meeting of its kind in 
the postwar era. Bohr planned to make a number of comments on the 
problems of quantum field theory alluded to earlier. I must admit that in 
the early stages of collaboration I did not follow Bohr’s line of thinking a 
good deal of the time and was, in fact, often quite bewildered. I failed to see 
the relevance of such remarks as that Schrodinger was completely shocked 
in 1927 when he was told of the probability interpretation of quantum 
mechanics, or a reference to some objection by Einstein in 1928, which 
apparently had no bearing whatever on the subject at hand. But it did not 
take very long before the fog started to lift. 1 began to grasp not only the 
thread of Bohr’s arguments but also their purpose. Just as in many sports a 
player goes through warmup exercises before entering the arena, so Bohr 
would relive the struggles that had taken place before the content of quan- 
tum mechanics was understood and accepted. I can say that in Bohr’s mind 
this struggle started all over again every single day. This, I am convinced, 
was Bohr’s inexhaustible source of identity. Einstein appeared forever as his 
leading spiritual sparring partner—even after Einstein’s death, Bohr 
would argue with him as if he were still alive. 

I can now explain the principal and lasting inspiration which I derived 
from discussions with Bohr. In Holland I had received a solid training as a 
physicist. It is historically inevitable that students of my generation received 
quantum mechanics served up ready made. While I may say that I had a 
decent working knowledge of the theory, I had not —and indeed hardly 
could have — fathomed how very profoundly the change from the classical 
to the quantum-mechanical way of thinking affected both the architects 
and the close witnesses of the revolution in physics which began in 1925. 
Through steady exposure to Bohr’s “daily struggle” and his ever repeated 
emphasis on “the epistemological lesson which quantum mechanics has 
taught us” (to use a favorite phrase of his), I deepened my understanding not 
only of the history of physics but of physics itself. In fact, the many hours 
which Bohr spent talking to me about complementarity have had a liberat- 
ing effect on every aspect of my thinking. 

To us who knew him then, Bohr had become the principal consolidator 
of one of the greatest developments in the history of science. (It would be 
inappropriate to speak of Bohr the philosopher, at this stage of his life, as 
his attitude toward professional philosophy was always skeptical, to say the 
least.) It is true that, to the end, Bohr was one of the most open-minded 
physicists I have known, forever eager to learn of new developments from 
younger people and remaining faithful to his own admonition always to be 
prepared for a surprise. (In these respects he was entirely different from 
Einstein.) But, inevitably, his role in these quite new developments shifted 
from actor to spectator. Bohr created atomic physics and put his stamp on 
nuclear physics. With particle physics, the post-Bohr era began, The Cam- 
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bridge paper of 1946 represents Bohr’s farthest penetration into the more 
modern problems. 

Bohr was an indefatigable worker, as I noticed most particularly during 
the six weeks I spent with him and his family at their country home in 
Tisvilde. When he was in need of a break in the discussions, he would go 
outside and apply himself to pulling weeds with what can only be called 
ferocity. At this point I can contribute a little item to the lore about Bohr 
the pipe smoker. It is well known that to him the operations of filling a pipe 
and lighting it were commutative, but the following situation is even more 
extreme. One day Bohr was weeding again, his pipe between his teeth. At 
one point, unnoticed by Bohr, the bowl fell off the stem. His son Aage and I 
were lounging in the grass, expectantly awaiting further developments. It is 
hard to forget Bohr’s look of stupefaction when he found himself holding a 
thoughtfully lit match against a pipe without a bowl. 

When I met Bohr again at the celebration of the bicentennial of Prince- 
ton University, he asked me to spend some time with him on the prepara- 
tion of a talk for that occasion. I did so, and I know how well prepared he 
was with carefully structured arguments. However, I was amazed to find 
that Bohr actually gave the talk without a worked out manuscript before 
him. I should say that this amazement was due to the fact that till then I had 
never heard him speak publicly. 

In attempting to describe the experience of listening to Bohr in public, I 
am reminded of a story about the violinist Eugene Issaye, who at one time 
had a member of a royal family as his pupil. Another musician of great 
renown (to whom I owe this tale) once asked Issaye how this pupil was 
doing. Whereupon Issaye opened his hands heavenward and sighed: “Ah, 
Her Royal Highness, she plays divinely bad.” 

However different the background in the two cases, these are the words 
which best characterize the situation: Bohr was divinely bad as a public 
speaker. This was not due to his precept never to speak more clearly than 
one thinks. Had he done so, the outcome would have been quite different, 
as Bohr was a man of the greatest lucidity of thought. Neither is it due to 
the fact that his voice did not carry far, which made it impossible for those 
at the back of a large audience to hear him. The main reason is that he was 
in deep thought as he spoke. I remember how that day he finished part of 
the argument, then said: “And ... and . . . ,” then was silent for at 
most a second, then said: “But . . .” and continued. Between the “and” 
and the “but” the next point had gone through his mind. However, he 
simply forgot to say it out loud and went on somewhere further down his 
road. To me, the story was continuous as I knew precisely how to fill the 
gaps Bohr had left open. But others were probably not so fortunate. And so 
it came to pass more than once that I saw an audience leave a talk by Bohr in 
a state of mild bewilderment, even though he had toiled hard in preparing 
himself in all detail. Still, when he would come up to me afterward with the 
characteristic remark, “Jeg haber det var nogenlunde” (“I hope it was 


When Niels Bohr began his series of 
public lectures at MIT in 1957, 
people came from all over the Boston 
area and with great anticipation to 
hear the wisest of living men. But 
the microphone was erratic, Bohr’s 
aspirated and sibilant diction mostly 
incomprehensible, and his thoughts 
too intricately evolved even for those 
who could hear. It must have been 
some way through the fifth lecture 
that those who still attended saw 
Bohr pause, take a drink of water, 
draw himself up, wag his great 
eyebrows, and say loud and clear, 
“And now we must ask: what is life?” 
The effect was electrifying. We sat 
on the edge of our seats. Bohr then 
said, “Let us ratherask . .. ” but 
his diction became progressively 
muddier, his voice fainter, and the 
microphone whistled, and we all 
sank back again. 
D. H. Frisch, 
private communication 
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One of a series of Mickey Mouse 
cartoons by George Gamow, 
This one, captioned “Tyretogt- 
ning” (bullfighting) shows 
Mickey Mouse (Bohr) saying: 
“Pauli, schweig! May I. . . may 
I. cx May Tsay... . PF leretes 
to an incident of the same kind as 
that described by Abraham Pais, 
but more than twenty years earlier. 





“Pal schwesg [ 
Missy chs : 
Heep ack , 
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tolerable”), I could assure him that it was much more than that. In spite of 
all rhetorical shortcomings, this unrelenting struggle for truth was a pow- 
erful source of inspiration. 

At the same time, it should be emphasized that Bohr’s best way of 
communicating actually was the spoken word, but with just one or at most 
a few persons present. Bohr’s needs for verbal expression were great, as the 
following incident illustrates. On a later occasion (1948), Bohr arrived in 
Princeton after a trip by sea from Denmark. For about a week, while on 
board ship, he had had no opportunity to discuss scientific matters; he was 
quite pent up. Pauli and I were walking in a corridor of the institute when 
Bohr first came in. When he saw us, he practically pushed us into an office, 
made us sit down, said “Pauli, schweig” (Pauli, shut up”), and then talked 
for about two hours before either of us had a chance to interrupt him. Had 
Bohr’s words been recorded, they would have constituted a fascinating 
document on the development of quantum theory. 

I remember well my first direct experience of the impact of Einstein on 
Bohr. A few weeks after the Pauli episode, Bohr came to my office at the 
Institute for Advanced Study, of which I then was a temporary member. He 
was in a state of angry despair and kept saying, “I am sick of myself.” I was 
concerned and asked what had happened. He told me he had just been 
downstairs to see Einstein. As always, they had become involved in an 
argument about the meaning of quantum mechanics, and, as remained true 
to the end, Bohr had been unable to convince Einstein of his views. There 
can be no doubt that Einstein’s lack of assent was a very deep frustration to 
Bohr. It is our good fortune that this led Bohr to keep striving at clarifica- 
tion and better formulation. And not only that; it was Bohr’s own good 
fortune, too. 

In 1948 I saw a lot of Bohr, as he and his wife lived at 14 Dickinson Street, 
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the same house in which I occupied the top floor. When I came home at 
night, the following charming little comedy would often be enacted. As I 
opened the door, Bohr would always be walking down the corridor, his 
back toward me, on his way to the kitchen. In that way he would let me 
notice him first. He would then turn around in apparent surprise and ask if 
I would care for a glass of sherry. And then we would settle down to talk 
about political problems. For at that period Bohr had become disillusioned 
with the official reactions to the atom. It was now his desire to make a 
direct attempt to get his views considered by those in positions of responsi- 
bility, and he was preparing a memorandum to this effect which was 
discussed over and over during those evenings. It formed the basis for 
Bohr’s open letter to the United Nations in 1950. 

Apart from this, Bohr spent most of his time putting the finishing 
touches on his article in the 1949 Einstein volume.* This paper is Bohr’s 
masterpiece. Nowhere in the literature can a better access to his thinking be 
found, and it is and should continue to be required reading for all students 
of quantum mechanics. During that period I was witness to an amusing 
moment which involved both Bohr and Einstein. 

One morning Bohr came into my ofhce and began, “Du er sa 
klog . . .” (“you are so wise”). I started to laugh (no formality or solem- 
nity was called for im contact with Bohr) and said, “All right, I 
understand” — Bohr wanted me to come down to his office and talk, so we 
went there. It should be explained that Bohr at that time used Einstein’s 
own office in Fuld Hall, while Einstein himself used the adjoining small 
assistant’s office; he disliked the big one, and never used it. (A photograph 
in the 1949 Einstein anniversary volume of Reviews of Modern Physics shows 
Einstein sitting in the assistant’s office.) After we had entered, Bohr asked 
me to sit down (“I always need an origin for the coordinate system”) and 
soon started to pace furiously around the oblong table in the center of the 
room. He then asked me if I could put down a few sentences as they would 
emerge during his pacing. At such sessions, Bohr never had a full sentence 
ready. He would often dwell on one word, coax it, implore it, to find the 
continuation. This could go on for many minutes. At that moment the 
word was “Einstein.” There Bohr was, almost running around the table 
and repeating: “Einstein . . . Einstein . . .” It would have been a cur- 
ious sight for someone unfamiliar with Bohr. After a little while he walked 
to the window, gazed out, repeating every now and then: 
“Einstein: ....... Hinstem . . = 

At that moment the door opened very softly and Einstein tiptoed in. He 
signaled me with a finger on his lips to be very quiet, his urchin smile on his 
face. He was to explain a few minutes later the reason for his behavior. 
Einstein was not allowed by his doctor to buy tobacco. However, the doctor 
had not forbidden him to steal tobacco, and this was precisely what he set 
out to do now. Still on tiptoe he made a beeline for Bohr’s tobacco pot, 
which stood on the table at which I was sitting. Meanwhile Bohr, unaware, 


Father enjoyed the following little 
episode very much, as it characterizes 
both his own modus operandi and that 
of the famous physicist Dirac. While 
working on an article, father was 
busy walking round the table 
searching his mind for the correct 
expression. Dirac was sitting silent 
and unconcerned, until during a 
pause he interjected in his quiet and 
calm way: “When I was a boy, I was 
alwavs taught never to start 2 
sentence without knowing the end 
of it.” 
Hans Bohr, 
“My Father,” 1966 
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was standing at the window, muttering, “Einstein . . . Einstein.” I was at 
a loss to know what to do, especially because I had at the moment not the 
faintest idea what Einstein was up to. 

Then Bohr, with a firm “Einstein” turned around. There they were, face 
to face, as if Bohr had summoned him forth. It is an understatement to say 
that for a moment Bohr was speechless. I myself who had seen it coming, 
had felt distinctly uncanny for a moment, so I could well understand Bohr’s 
own reaction. A moment later the spell was broken when Einstein ex- 
plained his mission and soon we were all bursting with laughter. 

The periods of closest contact I had with Bohr are those described above. 
In subsequent years I saw him often, either in Denmark or in the United 
States, but no longer for protracted periods of time. 

In the fall of 1961 we were both present at the Twelfth Solvay Confer- 
ence. It was the fiftieth anniversary of the first one, and Bohr gave an 
account, both charming and fascinating, of the developments during that 
period. He was present at the report I gave at that meeting, after which we 
walked along the corridor and spoke of the future of particle physics. It was 
the last time I talked with him. 

Bohr’s was a rich and full life. As I write these concluding words, I hear 
Bohr reciting two lines of one of his favorite poems: 


Nur die Fiille fihrt zur Klarheit, 
Und im Abgrund wohnt die Wahrheit. 


Only fullness leads to clarity, 
And the truth resides in the abyss. 


V. BOHR AND POLITICS 
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Niels Bohr as a Political Figure 


Ruth Moore 
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Niels Bohr’s work as a scientist in the exploration of the atom changed our 
understanding of the world. It is not widely realized that when these 
discoveries began to affect the political course of the world, Bohr himself 
became politically active. In a very special way he exerted the kind of 
influence on policy usually wielded only by presidents and prime ministers; 
and if this part of Bohr’s career is largely unknown, it is because much of it 
was necessarily secret. His help in rescuing scientists and other persecuted 
groups from Germany had to be hidden, and even the records destroyed. 

It is doubtful that Bohr thought of himself as a politician, and certainly 
he was never elected or appointed to office. There was, however, no doubt 
about his politica] interest and awareness. His father, himself a scientist (a 
physiologist), and some of his father’s colleagues who often met for dinner 
at the Bohr home, avidly talked politics as well as the science which brought 
them together. Niels and his brother, Harald, who as youngsters were 
permitted to sit at the side of the dining room and listen, drank in the 
discussion. It became a part of them. 

World politics came to the fore when Niels Bohr went to England in 
1914-1916 as an assistant to Ernest Rutherford. During World War I, 
Rutherford became increasingly preoccupied with anti-submarine re- 
search, and many of the young scientists went into the armed services. The 
dread losses of war were brought close to home when word came of the 
death of H. G. J. Moseley. Shortly before he enlisted, this young scientist 
had made brilliant X-ray experiments that confirmed the ideas of atomic 
number and of Bohr’s own model of the atom. Bohr was learning early that 
science cannot be separated from the world as it is. 

In 1916 Bohr’s two-year leave of absence from his first post, as docent 
(lecturer) at the University of Copenhagen, was coming to an end. Ruther- 
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A terrible shock to us all was the 
tragic message in 1915 of Moseley's 
untimely death in the Gallipoli 
campaign, deplored so deeply by the 
community of physicists all over the 
world, and which not least Ruther- 
ford, who had endeavored to get 
Moseley transferred from the front 
to less dangerous duties, took much 
to heart. 
Niels Bohr, 
Rutherford Memorial Lecture, 1958 
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ford strongly urged him to remain in England. The war still was on and the 
seas still were perilous, but Bohr felt that he had to return to Denmark, 
where he remained until the war ended on 11 November 1918. In a letter of 
thanksgiving to Rutherford, Bohr emphasized the changes that he believed 
would result from the terrible conflict. “People have got to look quite 
differently than before at the political side of life,” he wrote. From that time 
on, Bohr did look “differently” at the “political side of life.” 

Bohr was made a professor at the early age of thirty-one. He dreamed, 
however, not of a simple university department, but of an institute of 
theoretical physics to reach beyond the university to all of Denmark and, 
indeed, to all the world. Friends of Bohr’s joined in raising the “large sum” 
that would be needed for the first institute building — about $20,000 — 
and Bohr persuaded the city of Copenhagen to supply a site along the edge 
of one of the city’s inner parks.! 

The construction of the institute was only beginning when Bohr re- 
ceived an almost irresistible proposal from Rutherford. The young Dane 
was offered a “good post” at Manchester, helping, as Rutherford said, “to 
make physics boom.” Bohr hesitated, but he always knew that Denmark 
would come first for him. “I feel that it is my duty here to do my best, 
though I feel very deeply the result will never be the same as if I could work 
with you,” Bohr wrote to his revered friend. Bohr’s decision essentially was 
political; he put his duty to his country, and to his countrymen who had 
supported the proposed institute, ahead of even the most brilliant of scien- 
tific opportunities. 

Copenhagen continued to work in the closest collaboration with Man- 
chester and Cambridge, and soon was a famed center in its own right. In 
1922 Bohr was awarded the Nobel Prize, and scientists came from all parts 
of the world to take part in the excitement of the institute. It was, as Robert 
Oppenheimer said, “a heroic time.” As the work went forward in the 
lecture rooms and laboratories, relatively little attention was given to the 
outside world. 

The peaceful interlude was not to last long. In the United States the stock 
market crashed, and the ensuing economic paralysis and unemployment 
spread through the whole Western world. In Germany the “dark, hidden 
forces” of Adolf Hitler set out to destroy democratic government. Storm 
troopers marched through German streets. Bohr, with his political alert- 
ness, watched all this with rising concern. Although much of the world 
dismissed National Socialism as unimportant, Bohr could not be so un- 
heedful. He felt from the beginning that it had to be taken seriously, and 
that action would be needed to help the German scientists. 

Soon after Hitler assumed power, Bohr on his own initiative went to 
Germany, ostensibly to visit the German universities. Another, unexpressed 
aim was to find out how many German scientists would be affected by the 
Nazi racial laws and how many would need assistance. Bohr, himself half 
Jewish, recognized that lives might be endangered. In Hamburg, one of 
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those whom Bohr met was the young physicist Otto Frisch, the nephew of 
Bohr’s friend and fellow physicist Lise Meitner. As Frisch related later, Bohr 
took him by the waistcoat button and asked if he would like to work in 
Copenhagen. Frisch wrote to his mother that he felt as though “the good 
Lord himself” had taken him in hand.? 

When political action was called for, Bohr did not hesitate, and as he 
went from city to city in Germany he quietly organized the lines of escape. 
With the same kind of sensitivity he had shown with Frisch, he let James 
Franck, George de Hevesy, George Placzek, and many others know that a 
place would be waiting for them, if they should wish to leave. 

Upon his return to Copenhagen, Bohr, his brother, and a number of 
close associates formed the Danish Committee for the Support of Refugee 
Intellectuals. They not only planned for the reception of refugees in Den- 
mark, but wrote to friends in many other countries seeking permanent 
places for the escaping scientists. 

Bohr decided to speak out against the Nazis’ pseudoscientific credo of 
race and of Aryan cultural superiority. As a Dane, he could not make a 
direct attack; Denmark had a tradition of neutrality that had to be guarded. 
Bohr could make his point, however, by emphasizing the relativity 
of human judgments and the importance of considering opposing points of 
view. He had been invited to address the International Conference of 
Anthropological and Ethnological Sciences at a special meeting at Elsinore 
Castle.? Within the grim walls where Shakespeare had Hamlet make his 
soliloquy, Bohr likewise took up arms. It was, he declared, “purely a caprice 
of fate” that the culture of another people is theirs and “not ours.” He 
argued that the different human cultures are complementary to one an- 
other, and have enriched civilization. At that point the German delegation 
walked out. Before an important segment of European intellectuals, Bohr 
had directly attacked National Socialism. It did not matter that he had not 
named his opponents. Friends warned Bohr that his speech would go into 
the Nazi files. 

In September 1938, when the institute held its annual seminar, almost 
none of the German alumni dared attend. But Enrico Fermi, the leading 
physicist of Italy, was there. Bohr confidentially told him that he (Fermi) 
was under consideration for the Nobel Prize. Since Italian citizens had been 
ordered to convert all foreign currencies into lire, would Fermi prefer to 
have his name withdrawn until the prize money could be used without 
restriction? Fermi then told Bohr that he wanted to leave Italy. Mrs. Fermi 
was in jeopardy under the racial laws, and Fermi had long disliked Fascism. 
Fermi said that, if he should receive the prize, he would seek a position in 
the United States. Bohr at once invited him and his family to come to 
Copenhagen following the Nobel ceremonies and there await their trans- 
portation. Exactly this procedure was followed, and Fermi moved on to 
Columbia University and ultimately to a leading role in the development of 
the atomic bomb. 





In the summer of 1933 Niels Bohr 
invited me to his usual summer 
conference in Copenhagen, which 
this time he proposed to use as a sort 
of labour exchange which might help 
those physicists who had to leave 
Germany in finding jobs abroad. 
O. R. Frisch, 
Mhat Little I Remember, 1979 
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Bohr was being drawn even deeper into political opposition. In March 
1938 the Hitler columns had overrun Austria. Up to this time, Lise Meitner, 
an Austrian by birth, had been able to continue as director of nuclear 
physics at the Kaiser Wilhelm Institute in Berlin. With the annexation of 
Austria, all the Nazi racial laws went into effect, and Meitner knew that she 
would have to leave Germany. Thirty years of distinguished work there had 
come to an end. She left, supposedly for a short holiday, and was admitted 
to Holland. Later, at Bohr’s invitation, she went to Copenhagen and from 
there to the Nobel Institute in Stockholm to continue her work. Soon 
afterward came her historic meeting with her nephew Frisch, at which the 
concept of fission was developed, followed by Bohr’s carrying of this news 
to the United States in January 1939, as described elsewhere in this book. 

Toward the scheduled end of Bohr’s visit to the United States, friends 
pleaded with him to remain there, but Bohr insisted on returning to his 
own country. The institute had to be kept open, refugees had to be helped, 
and Danish morale maintained. On the surface, in that summer of 1939, 
Copenhagen seemed quiet; but beneath the surface was endless worry. 
Czechoslovakia had been overrun, and on May 31 Hitler “presented” the 
Danes with a nonaggression pact. They signed — for the Danes, an emi- 
nently practical people, knew that it made no difference whether they did 
or not. On September 1 came the invasion of Poland. Britain and France at 
last stood firm. Hitler was notified by Great Britain that unless the attack 
was halted by 11 a.m. on September 3, a “state of war will exist between the 
two countries from that hour.” France joined in, and war came to Europe. 

On 8 April 1940 King Haakon of Norway warmly welcomed Niels Bohr 
to dinner at the royal palace. Bohr had come to Norway partly to lecture on 
several important recent discoveries in physics. But his trip to Norway had 
another purpose as well —a political one. There was danger that the war 
might spread to Denmark and Norway, and Bohr wanted to discuss the 
worsening situation. None suspected how close the catastrophe was. Im- 
mediately after the dinner, Bohr took the night ferry-train to Denmark. As 
it pulled into Elsinore in the morning, in the very shadow of Hamlet's 
castle, police were pounding on Bohr’s compartment door, announcing the 
German invasion. Nazi planes flew overhead, German ships had moved 
into the Copenhagen harbor before dawn, and the Danish government, 
meeting in extraordinary session, yielded to the demand for nonresistance. 

If Bohr had looked out of his ferry’s portholes during the night, he might 
have seen other German ships moving toward Norway. Norway, too, was 
invaded on that fateful morning. The Norwegians fought back desperately, 
and when there was nothing else that could be done, retreated, still fight- 
ing, into their mountains where the struggle went on. 

Bohr’s train was allowed to go on to Copenhagen that morning. After 
checking on the safety of his family, he hurried to the Institute, There was 
nothing to be done about the laboratories, but he immediately began to 
destroy all the records on the refugee scientists who had come through 
Copenhagen. The records could not be permitted to fall into Nazi hands. 


Niels Bohr as a Political Figure 


Bohr knew what else to do. He went to see the chancellor of the univer- 
isty to seek help in protecting the Polish-born members of the institute 
staff. He also went to call upon members of the government. He urged 
strong resistance if the occupiers attempted to put their racial laws into 
effect in Denmark. Bohr insisted that the Danes did not have to yield to 
racial persecution. On his own, Bohr again was taking the political initia- 
tive. 

As soon as the news of the invasion became known, messages poured 
into Copenhagen begging Bohr to come to the United States. Again he, his 
wife Margrethe, and his brother Harald decided that they must stay in 
Denmark “as long as possible.” The “possible” always had to be added, they 
knew. The institute would be kept in operation, although the last foreign 
student had left. The training of young Danes, including Bohr’s son Aage, 
offered one of the best ways of maintaining science and preparing Den- 
mark for another future, whatever it might be. 

Bohr refused to cooperate with any undertaking tinged with Nazism. 
He boycotted all meetings directly or indirectly connected with the Ger- 
mans. On the other hand, he joined publicly in the occasions at which the 
Danish people poured forth their pent-up feelings. The Bohrs usually were 
seated in the front row. Bohr had long been honored as a scientist; now he 
emerged as a national leader. 

All the while the night of war grew blacker. The German forces rolled 
through Holland, Belgium, and France, unimpeded until they reached the 
beaches of Dunkirk. The Danes as well as the British were heartened by 
that miraculous rescue. It was, however, only a short respite. In August 
1940 the Nazi air force began the attack intended to “bring Britain to her 
knees” and open the British Isles to invasion. The Danes watched many of 
the planes take off from Danish airstrips, and rejoiced when they did not 
return. The air attacks rocked Britain, but the Nazi losses in the huge 
daylight assault on London on September 15 were so heavy that the daylight 
raids were not renewed. The bombing continued for another fifty-seven 
nights, but the crisis had passed and soon the invasion was called off. When 
the Battle of Britain had been won, in what Churchill called “Britain’s 
finest hour,” the Danish spirit surged. The new determination found 
expression in two ways. The first was a definitive book on Danish cul- 
ture.* If the Reich should endure for a thousand years, as Hitler boasted, the 
Danish spirit would last even longer. Bohr wrote the introduction; his aim 
was to evoke the very soul of Denmark. 

The second new development was an increase in sabotage. Bombs began 
to explode in plants that supplied the German war machine. The Bohrs, of 
course, were not directly involved in this effort, but from their home, the 
House of Honor, which was separated from the main Copenhagen railroad 
tracks only by dense trees and shrubbery, they watched the wreckage being 
hauled away. 

In June 1941 Hitler broke his misalliance with Stalin. German troops 257 
drove deep into Russia. All who knew about the possibilities of an atom 
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bomb worried increasingly that Hitler might obtain this ultimate weapon. 
A few American scientists who had earlier fled from Europe persuaded 
Einstein to write to President Roosevelt telling him of the potential bomb 
and its dangers. On December 7 when the Japanese launched their attack on 
Pearl Harbor, the president ordered full speed ahead on the production of 
an atomic bomb. 

The British, for their part, had become convinced that a bomb was 
possible and quickly joined forces with the United States. They felt they 
needed Bohr, and a secret message urging him to come to Britain was sent 
to him. In his isolation in Denmark, Bohr knew nothing of the plans to 
develop the bomb, and felt still that he had to remain in Denmark “as long 
as possible.” He regretfully declined by a message through the same under- 
ground route. 

During 1942 and 1943 the war turned against the Germans. In response 
they cracked down so brutally on the Danish resistance that the govern- 
ment had to resign. In effect, Denmark was at war with the Nazis. Shortly 
after, word came to Bohr that his arrest had been ordered in Berlin and that 
he must leave at once. That same night, with the aid of the underground, he 
and Mrs. Bohr escaped to Malmé6, Sweden. A small boat took them from 
Copenhagen out to a fishing boat, which safely made the crossing. Their 
family would come later by the same route. 

Bohr hurried on to Stockholm; he had urgent business there. When he 
had been told that he must escape from Denmark, he had also been in- 
formed that the long-feared roundup of the Jews of Denmark would soon 
begin. It was Bohr’s assignment to arrange with the Swedes for a safe 
reception of the refugees in Sweden. On the morning after his landing, 
Swedish intelligence officers took Bohr by a devious route to a meeting 
with the under secretary of state for foreign affairs. Bohr urged the Swedes 
to try to dissuade the Nazis from the arrests, but learned that the Germans 
had already been approached and had dismissed the suggestion of arrests as 
a mere rumor. 

Two days later, on October 2, the “rumor” became reality. Arrests 
began, and the first victims were taken to a ship that would carry them to 
concentration camps. Bohr had to reach the king, Gustav V. Princess 
Ingeborg, a sister of the king of Denmark, obtained an appointment for 
him that same afternoon. Bohr appealed to the king to try to have the 
prison ships rerouted to Sweden and to “intern”—actually give asylum 
to — the prisoners. The king agreed to consult his government at once and 
advised Bohr to listen to the radio that night. The Nazis abruptly refused 
the rerouting, but the Swedish government formally announced that it 
would receive the Jewish people of Denmark. The rescue, then, would have 
to be made by other means. Operating every night for the next few weeks, 
small boats carried nearly 6,000 passengers out to Swedish vessels waiting at 
the limits of the territorial waters. Some 300 people were lost as the Nazis 
attacked the rescue effort, but the number taken to concentration camps 
was reduced to 472. The toll would have been vastly greater if a determined, 
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humanitarian state and a scientist acting as a political leader had not gone 
into action. 

As the refugees found safety, Bohr received a second invitation, this time 
from Churchill’s scientific advisor, Lord Cherwell, to come to Britain. 
There was no longer any reason to hesitate; Bohr accepted for himself and 
the twenty- one-year-old Aage, who had recently graduated in physics and 
would serve as his assistant. There followed Bohr’s involvement in the 
British and American atomic bomb projects, as described in the essay 
“Niels Bohr and Nuclear Weapons.” 

On 7 May 1945, while Bohr was still in the United States (in Washing- 
ton), the German High Command surrendered unconditionally. Bohr hur- 
ried to the Danish Embassy and learned that the Nazi command in Den- 
mark had given up a few days earlier and that a small Allied “holding” force 
had taken over. Denmark was free at last. But his jubilation was tempered; 
contrary to his own hopes and recommendations, it had been decided that 
the Russians should not be informed of the atomic bomb until it had first 
been used against Japan. “Bohr wanted to change the framework in which 
the problem would appear early enough so that the problem itself would be 
altered,” said Oppenheimer, who had gone to the British mission office, 
where Bohr was working, to try to comfort him. “He was much too wise 
and he would not be comforted,” Oppenheimer added. 

Bohr was eager to return to Denmark, but he could not do so until the 
bomb had been tested and used. He was in England when the Hiroshima 
and Nagasaki bombs were dropped. Thus came to an end one of the few 
periods in which a handful of leaders might have drastically changed the 
course of history. Bohr, nevertheless, did not give up. He understood that 
the struggle for a safe world would have to be carried to the general 
population; perhaps more hope lay there. Bohr wrote a public letter to the 
London Times: “Civilization is presented with a challenge more serious, 
perhaps, than ever before, and the fate of humanity will depend on its 
ability to unite in averting common dangers.° 

Back in Copenhagen, Bohr continued his political work. He made 
speeches in a number of cities and (during visits to the United States in 1946 
and 1948) talked with the new leaders coming upon the scene, including 
General George Marshall, the new USS. secretary of state, and Hendrik 
Kramers, Bohr’s former student and associate who had become chairman 
of the United Nations Atomic Energy Commission. 

Then, in September 1949, President Truman announced that an atomic 
explosion had occurred in the Soviet Union. Just four years after Hiro- 
shima, the Russians had the bomb. Bohr was not surprised. But here was 
the arms race he had feared. The somber question was: What could be 
done? Bohr laid a new program before the United Nations — it called again 
for an open world. However, the Americans not long afterward exploded 
the first thermonuclear device, a fusion bomb a hundred times more de- 
structive than the atom bomb. The Russians followed suit less than a year 
later, and the arms race was gathering speed. 


I vividly remember the circumstances 
of my first meeting in Rutherford’s 
office in the Cavendish with the 
young Robert Oppenheimer, with 
whom I was later to come into such 
close friendship. Indeed, before 
Oppenheimer entered the office, 
Rutherford, with his keen apprecia- 
tion of talents, had described the rich 
gifts of the young man, which in the 
course of time were to create for him 
his eminent position in scientific life 
in the United States. 
Niels Bohr, 
Rutherford Memorial Lecture, 1958 
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On the peaceful side, there was the question of atomic energy for Den- 
mark. The low, flat Danish peninsula had no fossil fuels of its own. To 
investigate the possibility of the new power for Denmark, the Danish 
Academy for Technical Sciences named a special committee. It was chaired, 
of course, by Niels Bohr. Bohr went to see the prime minister, who as- 
signed minister for finance Vigo Kampmann to work with him.® As the 
two in Bohr’s thorough way studied every phase of establishing a power 
plant in Denmark, they also worked on the first Atoms for Peace Confer- 
ence in Geneva. At that conference, some of the benefits of atomic power 
were made available to all. It was a small step in the “right” direction, as 
Bohr saw it. 

Meanwhile the Danish Atomic Energy plant was built under Bohr’s 
chairmanship. It was called Riso, for the nearby town. On the day of its 
dedication, 6 June 1958, the big reactors, looking almost like an extension 
of the rocky headland on which they stood, were complete down to the 
grassy lawn and a kennel for the watchdog. A few days later, when the 
Danish parliament debated the heavy cost of Riso, the only questions dealt 
with the kennel and the cost of the flagpole from which the red and white 
Danish flag flew proudly. The people of Denmark were invited to visit the 
reactor plant, and thousands came. 

In the world at large, the Cold War and the proliferation of nuclear 
armaments followed much as Bohr had feared. But even though Bohr’s 
policies had not been adopted, his advocacy of a better course was appre- 
ciated and honored. No one can ever be certain that the Bohr way would 
have succeeded. But it can still be argued that he had identified a possible 
“path into the unknown” in world politics, just as he had done earlier in 
science. And from first to last, his life exemplified his humanitarian and 
political commitment. To use the words of Milton that John Wheeler 
quoted when Bohr received the first Atoms for Peace award in 1957, his was 
no “fugitive and cloistered virtue.” 





Energy from the Atom: 


An Opportunity and a Challenge 


The Second World War was brought to an end on 10 August 1945 by the 
surrender of Japan, following quickly after the atomic bomb attacks on 
Hiroshima and Nagasaki. The very next day there appeared in The Times of 
London the article below by Bohr.! Typically, it was a carefully thought- 
out statement that had clearly been prepared in readiness for the occasion, 
and it demonstrates his prescience in these matters — coming, as it did, 
nearly five years before his much longer “Open Letter to the United Na- 
tions,” an abridged version of which is reprinted later in this volume. 
A.P.F. 


be 


The possibility of releasing vast amounts of energy through atomic disin- 
tegration, which means a veritable revolution of human resources, cannot 
but raise in the mind of everyone the question whither the advance of 
physical science is leading civilization. While the increasing mastery of the 
forces of nature has contributed so prolifically to human welfare, and holds 
out even greater promises, it is evident that the formidable power of de- 
struction which has come within reach of man may become a mortal 
menace unless human society can adjust itself to the exigencies of the 
situation. Civilization is presented with a challenge more serious, perhaps, 
than ever before, and the fate of humanity will depend on its ability to unite 
in averting common dangers and jointly to reap the benefit from the 
immense opportunities which the progress of science offers. 
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and later went to America to help in 
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without Portfolio in the British War Cabinet, and chairman of the Cabinet Scientific Advisory Committee 


A om of the editorial page of The T Times wield at 11 ease 1945. Besides Bohr’s article, ieee 
from the Atom,” this page carries letters about the atomic bomb from Lord Hankey (who was Minister 
that was created in October 1940) and from John A. F. Watson, a magistrate in the London juvenile courts. 
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COOPERATION IN RESEARCH 


In its origin, science is inseparable from the collecting and ordering of 
experiences, gained in the struggle for existence, which enabled our ances- 
tors to raise mankind to its present position among the other living beings 
which inhabit our earth. Even in highly organized communities where, 
within the distribution of labor, scientific study has become an occupation 
by itself, the progress of science and the advance of civilization have re- 
mained most intimately interwoven. Of course, practical needs are still an 
impetus to scientific research, but it need hardly be stressed how often 
technical developments of the greatest importance for civilization have 
originated from studies aimed only at augmenting our knowledge and 
deepening our understanding. Such endeavors know no national borders, 
and where one scientist has left the trail another has taken it up, often in a 
distant part of the world. For long, scientists have considered themselves as a 
brotherhood working in the service of common human ideals. 

In no domain of science have these lessons received stronger emphasis 
than in the exploration of the atom, which just now is bearing conse- 
quences of such overwhelming practical implications. As is well known, 
the roots of the idea of atoms as the ultimate constituents of matter go back 
to ancient thinkers searching for a foundation to explain the regularity 
which, in spite of all variability, is ever more clearly revealed by the study of 
natural phenomena. After the Renaissance, when science entered so fertile a 
period, atomic theory gradually became of the greatest importance for the 
physical and chemical sciences, although, until half a century ago, it was 
generally accepted that, due to the coarseness of our senses, any direct proof 
of the existence of atoms would always remain beyond human scope. 
Aided, however, by the refined tools of modern technique, the development 
of the art of experimentation has removed such limitation and even yielded 
detailed information about the interior structure of atoms. 


DISINTEGRATION OF NUCLEI 


In particular, the discovery that almost the entire mass of the atom 1s 
concentrated in a central nucleus proved to have the most far-reaching 
consequences. Not only did it become evident that the remarkable stability 
of the chemical elements is due to the immutability of the atomic nucleus 
when exposed to ordinary physical agencies, but a novel field of research 
was opened up by the study of the special conditions under which disinte- 
grations of the nuclei themselves may be brought about. Such processes, 
whereby the very elements are transformed, were found to differ funda- 
mentally in character and violence from chemical reactions, and their 
investigation led to a rapid succession of important discoveries through 
which ultimately the possibility of a large-scale release of atomic energy 
came into sight. This progress was achieved in the course of a few decades, 
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and was due not least to most effective international cooperation. The 
world community of physicists was, so to say, welded into one team, 
rendering it more difficult than ever to disentangle the contributions of 
individual workers. 

The grim realities which are being revealed to the world in these days 
will no doubt, in the minds of many, revive terrifying prospects forecast in 
fiction. With all admiration for such imagination, it is, however, most 
essential to appreciate the contrast between these fantasies and the actual 
situation confronting us. Far from offering any easy means to bring de- 
struction forth, as it were by witchcraft, scientific insight has on the con- 
trary made it evident that use of nuclear disintegration for devastating 
explosions demands most elaborate preparations, involving a profound 
change in the atomic composition of the materials found on earth. The 
astounding achievement of producing an enormous display of power on the 
basis of experience gained by the study of minute effects, perceptible only 
by the most delicate instruments, has, in fact, besides a most intensive 
research effort, required an immense engineering enterprise, strikingly 
illuminating the potentialities of modern industrial development. 

Indeed, not only have we left the time far behind where each man, for 
self-protection, could pick up the nearest stone, but we have even reached 
the stage where the degree of security offered to the citizens of a nation by 
collective defense measures is entirely insufficient. Against the new de- 
structive powers no defense may be possible, and the issue centers on 
world-wide cooperation to prevent any use of the new sources of energy 
which does not serve mankind as a whole. The possibility of international 
regulation for this purpose should be ensured by the very magnitude and 
the peculiar character of the efforts which will be indispensable for the 
production of the new formidable weapon. It is obvious, however, that no 
control can be effective without free access to full scientific information 
and the granting of the opportunity of international supervision of all 
undertakings which, unless regulated, might become a source of disaster. 


INTERESTS AND SECURITY 


Such measures will, of course, demand the abolition of barriers hitherto 
considered necessary to safeguard national interests but now standing in the 
way of common security against unprecedented dangers. Certainly the 
handling of the precarious situation will demand the good will of all 
nations, but it must be recognized that we are dealing with what is poten- 
tially a deadly challenge to civilization itself. A better background for 
meeting such a situation could hardly be imagined than the earnest desire 
to seek a firm foundation for world security,‘so unanimously expressed 
from the side of all those nations which only through united efforts have 
been able to defend elementary human rights. The extent of the contribu- 
tion which an agreement about this vital matter would make to the removal 
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of obstacles to mutual confidence and to the promotion of a harmonious 
relationship between nations can hardly be exaggerated. 

In the great task lying ahead, which places upon our generation the 
gravest responsibility toward posterity, scientists all over the world may 
offer most valuable services. Not only do the bonds created through scien- 
tific intercourse form some of the firmest ties between individuals from 
different nations, but the whole scientific community will surely join in a 
vigorous effort to induce in wider circles an adequate appreciation of what 
is at stake and to appeal to humanity at large to heed the warning which has 
been sounded. It need not be added that every scientist who has taken part 
in laying the foundation for the new development, or has been called upon 
to participate in work which might have proved decisive in the struggle to 
preserve a state of civilization where human culture can freely develop, is 
prepared to assist in any way open to him in bringing about an outcome of 
the present crisis of humanity worthy of the ideals for which science 
through the ages has stood. 
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It was one of the most fateful coincidences in history that the discovery of 
uranium fission by Otto Hahn and Fritz Strassmann and the theoretical 
explanation of the phenomenon by Lise Meitner and Otto Frisch were 
published at the beginning of the year in which World War II began. In 
April 1939, Frédéric Joliot-Curie’s team in Paris was the first to announce 
experimental evidence that in fission spare neutrons are released; this 
opened the possibility of a nuclear chain reaction and an atomic bomb. The 
widespread and agitated discussion of this project diminished when, on 
September 1, the day Germany invaded Poland, an article by Niels Bohr and 
John Wheeler was published in The Physical Review, giving the classic 
interpretation of the fission process.! This included the important deduc- 
tion (already foreshadowed by Bohr in a letter of 7 February 1939 to the 
same journal) that it was the rare U**5 atom, not the U® atom, that 
fissioned —a deduction consistent with the observation that fission was 
much more likely with moderated, slow neutrons than with fast ones.? It 
seemed that these slow-neutron chain reactions might produce power, but 
not the fantastically fast reaction necessary for a bomb. 

In the subsequent two years, scientists in the belligerent countries and the 
nonbelligerent United States worked on bomb possibilities. The most cru- 
cial and highly organized work was done in Britain by the famous Maud 
Committee. The strange name of this committee was derived from a 
telegram sent by Meitner from Sweden in May 1940, just after Denmark had 
been invaded by the Germans, to the physicist Owen Richardson: “Met 
Niels and Margrethe recently. Both well but unhappy about events. Please 
inform Cockcroft and Maud Ray Kent,” Cockcroft believed the last words 
were an anagram for “radiumtaken,” and the words seemed a good code 
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name. When Bohr arrived in England in 1943, he asked whether the 
message had ever reached his old governess, Maud Ray, who lived in Kent. 

The Maud Committee was composed of British and refugee scientists. A 
paper of April 1940 by Frisch and Rudolf Peierls —both refugees at Bir- 
mingham University — had stimulated the formation of the committee, by 
showing that a small lump of U**° would give the fast reaction necessary for 
a bomb and by proposing an industrial method for separating the U». 
When France fell, two members of Joliot-Curie’s team fled to Britain, and 
a slow-neutron team developed round them. Two members of the team 
soon suggested that element 94 (plutonium), whose discovery had been 
predicted by Edwin Macmillan and Philip Abelson in May 1940, would also 
be an efficient superexplosive with a small critical mass. Unknown to the 
British, scientists in Berkeley, California, in March 1941 demonstrated 
experimentally that this was so. 

Several groups of American scientists were indeed working on various 
aspects of “the uranium problem,” but in a diffuse, leisurely way. It did not 
become urgent to them until in July 1941 they were shown the British 
Maud Report, which demonstrated coherently and cogently why and how 
an atomic bomb was possible. Their government set up, even before Pearl 
Harbor ended U.S. neutrality, what was soon to become the huge Manhat- 
tan Project. 

Meanwhile, German nuclear scientists had been contemplating the pos- 
sibilities of an atomic bomb. In the early autumn of 1941, Fritz Houtermans 
wrote a paper which calculated the critical mass of U** but proposed, as a 
route to the bomb, using the new fissile element that might be produced in 
a slow-neutron reactor. There was every reason to fear this competition, 
but in fact the German project later floundered in its science and in its 
organization. 

After the invasion of Denmark, Bohr was preoccupied with the grave 
problems of his country and his institute, including as it did refugees from 
Nazism; he faced these problems with diginity, courage, and deep patrio- 
tism. Atomic bombs were not in the forefront of his mind. He had realized, 
in the wake of the paper written with Wheeler, that an explosion could 
indeed be achieved with a sufficiently large amount of U2. He had ex- 
plained this in a lecture in Birmingham just before, and in Denmark just 
after, the outbreak of war.? But he did not think that with current technical 
facilities it would be possible to separate enough U**. He did not on these 
occasions consider the slow-neutron possibilities. He was therefore the 
more deeply disturbed by a visit from Werner Heisenberg in October 1941. 
Robert Jungk in his book Brighter Than a Thousand Suns calls this visit “a 
little-known peace feeler. By the expedient of a silent agreement between 
German and Allied atomic experts, the production of a morally objection- 
able weapon was to be prevented.” This suggestion of German moral 
scruples is supported in the book by a letter to Jungk from Heisenberg about 
this visit to Bohr. Aage Bohr, who was close to his father in all nuclear 
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weapons affairs, has written that Heisenberg put no proposal to Niels for a 
physicists’ agreement to refrain from developing nuclear weapons, but that 
he did leave the strong impression that the Germans attributed great mili- 
tary importance to atomic energy. 

Early in 1943 a message reached Niels Bohr from James Chadwick, who 
was the informal scientific leader of the British atomic project (code name: 
“Tube Alloys”). It was written, as a token of its authenticity, on Liverpool 
University notepaper. It came in great secrecy through British and Danish 
intelligence, in a microdot inserted in a bunch of keys. Chadwick wrote 
that he had heard “you have considered coming to this country if the 
opportunity should offer. I need not tell you how delighted I myself should 
be to see you again . . . There is no scientist in the world who would be 
more acceptable both to our university people and to the general pub- 
lic . . . I have in mind a particular problem in which your assistance 
would be of the greatest help. Darwin and Appleton are also interested in 
this problem and I know they too would be very glad of your help and 
advice.* 

Bohr still felt that it was his duty to remain in Denmark, but replied to 
Chadwick that he might leave if he felt he could be of real help in other 
ways. He added that he did not think this probable. “Above all, I have to the 
best of my judgment convinced myself that, in spite of all future prospects, 
any immediate use of the latest marvelous discoveries of atomic physics is 
impracticable.” Two months later he sent another message to Chadwick, 
reporting the rumors he had heard of German preparations for producing 
metallic uranium and heavy water in order to make atomic bombs. How- 
ever, he was still skeptical: he took it for granted that it was impossible to 
separate U** in sufficient quantity, and he doubted the possibility of using 
slow-neutron reactions for this purpose. Copies of the messages exchanged 
by Bohr and Chadwick were buried in the garden at Carlsberg, to be found 
after the war. 

In September 1943, when Bohr and his family were known to be in 
danger of immediate arrest, their escape to Sweden was arranged and the 
British atomic directorate made it possible for Niels, with Aage as his 
assistant, to go to Britain. Niels departed on 6 October 1943, and survived a 
hazardous journey in an unarmed converted bomber. Aage arrived a week 
later. 

When Niels arrived in England he was immediately told everything 
about the progress of the British and American projects: it now seemed 
almost certain that the Americans would produce nuclear weapons within a 
year or two. Father and son were received most warmly by the scientists, by 
the administrators of the Tube Alloys project, and by the minister in 
charge — Sir John Anderson, later Lord Waverley, who was chancellor of 
the exchequer and who would henceforth be a close friend of the Bohr 
family. The Bohrs had arrived at an important moment for the British 
project. The Maud Report had pushed the floundering American project 
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off the ground, and the overconfident British had preferred atomic cooper- 
ation with the Americans to the full integration between the projects which 
Roosevelt suggested in the autumn of 1941. But the American project soon 
far outstripped the British and neither needed nor wanted British help. The 
British, already highly mobilized and unable to build huge atomic plants, 
became desperate: they could not proceed on their own and were cut off 
from American knowledge. It was only after a great struggle that Church- 
ill, in August 1943, persuaded Roosevelt to sign the Quebec Agreement, 
which enabled British scientists to participate in some parts of the Ameri- 
can project — most notably at Los Alamos, where the bombs were to be 
fabricated. er I once asked him how much he was 
Bohr, so welcome to the British for his own sake, was also, asa member troubled by his false name; did he 
of their team in America, a trump card for them in implementing the always remember to sign himself Ni- 
Quebec Agreement. Bohr promised that he would not allow himself to be — cholas Baker rather than Niels Bohr? 
drawn into the American orbit, that he would assist the common effortand His reply cones “What is the 
cans difference? My signature is quite 
also do everything he could to make the association between America and ‘Neaible: it could be either.” 
Britain a real partnership. He and Aage arrived in the United States early in CR. Pech. 
December 1943 under the aliases Nicholas and James Baker, or, attection- What Little I Remember, 1979 
ately to colleagues, Uncle Nick and Jim. They were not attached to any 
specific team, but Bohr’s main scientific contribution was to work at Los 
Alamos, where he found many of his former students. There he stimulated 
and liberated scientific ideas, giving rise to theoretical and experimental 
activities which cleared up unanswered questions — for example, on the 


Niels Bohr with Aage sometime after 
World War IL. 
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During his visit in Los Alamos he 
was in a relaxed mood. He could see 
that the work was going well and the 
war was turning in our favour. The 
radio reports were confusing, but 
Bohr always listened. “We must hear 
all the rumours before they are 
denied,” he joked. 
©. R. Frisch, 
What Little I Remember, 1979 
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velocity selector, the bomb assembly, and the design of the initiator. Old 
and new friendships flourished here. 

When Bohr saw the vast Manhattan Project he was fascinated by the 
extraordinary edifice, built as it was on theoretical foundations he had laid. 
But he was vastly more impressed by the implications of the new weapon 
for the future of the world. He had the reputation for being the most 
unworldly of scientists, but the unworldliness was purely behavioral. His 
knowledge of philosophy, history, and politics was profound and had been 
deepened by his ties with the refugees from Nazism at his institute in the 
1930s and by the German occupation. His exceptional imagination and 
intuition marked not only his science but his view of world politics. He 
immediately realized when he saw the Manhattan Project that it was only a 
beginning and that the progress of the work would disclose new and more 
fearsome possibilities. At Los Alamos scientists were already foreseeing a 
hydrogen bomb. 

Bohr was concerned privately with the question of how soon the weapon 
would be ready for use and what role it might play in the Second World 
War, but he took no part in discussions about whether it should be 
dropped. He looked rather to the years after the war and the terrifying 
prospect of international competition in atomic weapons. After his first 
visit to Los Alamos, he wrote to Anderson that future effective control 
would involve not only the most intricate technical and administrative 
problems but also concessions over exchange of information and openness 
about industrial efforts and military preparations —developments that 
were hardly conceivable in terms of prewar international relationships. 
Bohr felt that the invention of atomic bombs was so climacteric that it 
would facilitate a whole new approach to these relationships. 

Before long his thoughts crystallized into a fairly precise proposition. At 
a time of euphoria about brave Russian allies, Bohr believed that there 
would be tension between the West and Russia after the war and that 
confidence and cooperation might be promoted by telling Russia about the 
bomb before it was used. Conversely, he believed that it would be disastrous 
if Russia should learn on its own about the bomb. Knowing very well the 
competence of Russian physicists, Bohr felt certain, like most other scien- 
tists when they thought about it, that the margin of time before the Rus- 
sians made a bomb themselves would be very small. This conviction was 
strengthened when, in London, in April 1944, he received a letter from 
Peter Kapitza, written six months earlier when Bohr had escaped to Swe- 
den, inviting him to settle in Russia. This reinforced Bohr’s belief that the 
Russians were aware of the American project. He sent back a warm, innoc- 
uous reply to Kapitza and showed the correspondence to the British author- 
ities. 

The political implications of the bomb had become Bohr’s prime con- 
cern. He spent much of his time writing “political” memoranda and 
haunting the offices and anterooms of those who had political power or 
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access to it. His discursive talk and his low, indistinct voice were not easy to 
follow, but he made important converts: Lord Halifax and Sir Ronald 
Campbell, respectively ambassador and minister at the British Embassy in 
Washington and, most significantly, Sir John Anderson and Lord Cherwell 
(the scientist who was Churchill's personal advisor) and field marshal Jan 
Smuts. Halifax told Bohr that because of America’s preponderant share in 
the project, any initiative would have to come from President Roosevelt. It 
seemed fortunate, therefore, that Bohr was able to resume a prewar friend- 
ship with Felix Frankfurter, a Supreme Court judge and a friend of Roose- 
velt’s. Frankfurter already knew about the bomb and communicated Bohr’s 
ideas and hopes to the president, who said the whole thing “worried him to 
death” and that he was most eager to explore it with Churchill. 

In March 1944 Anderson wrote a long memorandum to Churchill, 
summarizing the situation. It seemed certain that the Americans would 
develop a bomb first, but it was foolish to suppose that Russia would not 
put forward a great effort once they had expelled the Germans. Moreover, 
the scale of effort needed would decrease and would become feasible for 
other countries. There were two possible outcomes: a particularly vicious 
arms race in which, at best, the United States and Britain would for a time 
enjoy a precarious and uneasy advantage; or some form of international 
control. If it was decided to work for international control, there was much 
to be said for communicating to Russia in the near future the bare fact that 
the Americans expected by a given date to have this devastating weapon and 
for inviting them to collaborate in preparing such a control scheme. If the 
Russians were told nothing, they would learn sooner or later what was afoot 
and might then be less disposed to cooperate. There was little risk that 
Russia, if she chose to be uncooperative, would be much helped by such a 
communication. Cherwell added his plea: “I must confess that I think plans 
and preparations for the postwar world and even the peace conference are 
utterly illusory, so long as this crucial factor is left out of account.” Church- 
ill, however, disagreed profoundly and constantly reiterated his conviction 
that the project must be kept as secret as possible. 

Pressed by Smuts, Cherwell, and Sir Henry Dale, president of the Royal 
Society, Churchill saw Bohr on 16 May 1944. The meeting was a failure. 
Dale had expressed fears that Bohr’s “mild, philosophical vagueness of 
expression and his inarticulate whisper” might prevent a “desperately 
preoccupied Prime Minister” from understanding him, and so it proved. 
The main point was never reached. “We did not speak the same language,” 
said Bohr afterward. Later Churchill told Cherwell, “I did not like the man 
when you showed him to me, with his hair all over his head.” 

However, during the summer Churchill realized that he must discuss the 
long-term problem of the atomic bomb with Roosevelt when next they 
met, as they did in September 1944. Prior to the meeting, Frankfurter had 
sent a seven-page memorandum by Bohr to Roosevelt which outlined the 
scientific basis of the project, Bohr’s own feelings on seeing the project after 271 
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his escape from Denmark, Kapitza’s approach to him, his belief that the 
project offered an opportunity for a new spirit and new hope in interna- 
tional relations, and his fears of a nuclear arms race between Russia and the 
West. On August 26 Roosevelt spoke with Bohr in complete privacy, in an 
interview lasting one and a half hours. 

Bohr reiterated his belief that there was a great opportunity to better 
world relations, provided it was seized now rather than later. He expanded 
on his reasons for urging overtures to Russia and on his arguments against 
those who said that the West would lose thereby. He said it must be 
assumed that the Russians knew great efforts were being made in the 
United States to make a bomb; that the Russians themselves were studying 
the matter and would be free to mount a full effort at the end of the German 
war; that the Russians would probably obtain the Germans’ secrets at the 
end of the war. If the United States and Britain said nothing before a bomb 
was used, they would, urged Bohr, arouse Russian suspicions and create a 
greater risk of fateful competition in atomic weapons. They would lose the 
opportunity of using an approach to Russia in order to establish conf- 
dence. Bohr emphasized that it was not necessary to begin by giving the 
Russians detailed information about the bomb. The approach should be 
general, and if the Russians responded in a cooperative spirit the way would 
be open for frank discussions. If not, the West would know where they 
stood. Bohr believed that one possible method of approach might be 
through preliminary and noncommittal contact between scientists. 

The president could not have been friendlier to Bohr or more open and 
frank in his discussions of the political problems raised by the bomb. He 
said that an approach to Russia must be tried and that it would open a new 
era of human history. Stalin, he believed, was enough of a realist to under- 
stand the implications of this scientific and technological revolution. Bohr 
was sufhciently encouraged by his talk with Roosevelt to have a shot at a 
draft letter to Kapitza on the lines discussed, and held himself ready to go to 
Russia. 

Bohr’s high hopes were to be rudely dashed. In September 1944 Church- 
ill and Roosevelt met at the second Quebec Conference and at Roosevelt's 
Hyde Park home and discussed the atomic bomb, with results very different 
from those foreshadowed during Bohr’s interview with Roosevelt. On 
September 18 they signed an aide mémoire which included a paragraph 
saying that inquiries were to be made about Bohr and steps taken to ensure 
that he leaked no information, particularly to the Russians. 

This agreement, besides turning down Bohr’s proposal for an approach 
to Russia, put his own good faith and honor in question. Churchill ex- 
pressed these doubts about Bohr even more forcefully to Lord Cherwell: 
“The President and I are much worried about Professor Bohr. How did he 
come into the business? He is a great advocate of publicity. He made an 
unauthorised disclosure to Chief Justice Frankfurter, who startled the Pres- 
ident by telling him he knew all the details. He said he is in close corre- 
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spondence with a Russian professor, an old friend of his in Russia to whom 
he has written about the matter and may be writing still. The Russian 
professor has urged him to go to Russia in order to discuss matters. What is 
all this about? It seems to me Bohr ought to be confined or at any rate made 
to see that he is very near the edge of mortal crimes.” 

Bohr’s friends Cherwell, Anderson, Halifax, and Campbell rushed to 
defend Bohr and to say that Churchill was talking nonsense. They felt 
strongly “that the great P. J. [Panjandrum] was barking up an imaginary 
tree.” Cherwell sent a strong reply to Churchill describing how Bohr had 
come into the business, giving an account of the Bohr-Frankfurter talks, 
the story of the approach by Kapitza, and the reply that had been agreed on 
by British Intelligence. “I have always found Bohr most discreet and con- 
scious of his obligations to England to which he owes a great deal, and only 
the very strongest evidence would induce me to believe that he had done 
anything improper in this matter. I do not know whether you realise that 
the possibilities of a super weapon on Tube Alloys lines have been publicly 
discussed for at least six or seven years. The things that matter are which 
processes are proving successful, what the main stages are, and what stage 
has been reached. Most of the rest is published every silly season in most 
newspapers.” Cherwell repeated these views to Roosevelt in the presence of 
Vannevar Bush, who agreed with them. Churchill accepted Cherwell’s 
opinion about Bohr and the matter was dropped. Bohr, when he heard of 
the misunderstanding, was distressed; he might have been deeply offended, 
but his sense of humor was always stronger than his pride. 

We do not know the reasons for Roosevelt’s volte-face. As for Churchill, 
he believed passionately in the desirability and possibility of keeping 
atomic weapons secret. At home he kept the matter secret from the War 
Cabinet (including Clement Attlee, who in July 1945 became prime minis- 
ter) and his defense advisors, and he refused to impart any information to 
the French, to whom the British had atomic obligations. He wrote, “You 
may be quite sure that any power that gets hold of the secret will try to make 
the article and that this touches the existence of human society. The matter 
is one out of all relation to anything else that exists in the world and I could 
not think of participating in any disclosure to third or fourth parties at the 
present time. I do not believe there is anyone in the world who can possibly 
have reached the position now occupied by us and the United States.” 

Meanwhile Bohr found himself exercising a restraining hand on Ein- 
stein, who in December 1944 sent him a cri de coeur about the prospect of a 
postwar arms race. The politicians, Einstein said, did not appreciate the 
threat. In all the principal countries influential scientists had the ear of 
political leaders — he mentioned Bohr himself, Compton (no initial, but 
presumably A. H. Compton), Cherwell, Kapitza, and Joffé. These men 
should come together to bring pressure to bear on their political leaders to 
strive for the internationalization of military power. “Don’t be impossible” 
wrote Einstein to Bohr, “but wait a few days until you have accustomed 
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yourself to these strange thoughts.” Bohr went to see Einstein and ex- 
plained to him that it would be quite illegitimate and might have the most 
deplorable consequences if anyone who was brought into confidence about 
the bomb should take the initiative into his own hands. Bohr assured 
Einstein that the attention of responsible statesmen in Britain and the 
United States had been called to the implications of the bomb. Einstein 
thereupon agreed to abstain from action and to impress on his friends the 
undesirability of doing anything that might complicate the delicate task of 
statesmen. 

Bohr, conscious that time was running out, became increasingly con- 
vinced that postponement of any discussion with Russia until a bomb was 
demonstrated might give the appearance of an attempt at coercion in which 
no great nation could be expected to acquiesce. He emphasized yet again 
that Russia would soon learn, at the least, about the German work. Ander- 
son, Halifax and, indeed, Anthony Eden as British foreign secretary real- 
ized that the important questions Bohr had raised would have to be faced 
sooner or later. In April 1945 Halifax and Frankfurter walked through 
Rock Creek Park in Washington discussing how to get Bohr’s proposals 
properly considered. As they ended their walk they heard all the bells in 
Washington tolling. Roosevelt was dead. 

In Washington, Bush and James Bryant Conant had been pressing on 
Henry Stimson, U.S. secretary of war, views not dissimilar to Bohr’s and in 
May 1945 Stimson chaired an interim committee which inter alia discussed 
disclosure to Russia and possible forms of international control. Members 
of the committee were torn between, on the one hand, a desire for scien- 
tific openness and a conviction that the business could not remain secret for 
long, and, on the other hand, anxieties over deteriorating Russian behavior. 
The anxieties won, and the committee decided early in June 1945 that no 
information should be revealed to Russia or anyone else until the first bomb 
had been dropped on Japan.°® 

On July 24, eight days after the atomic bomb test at Alamogordo and 
thirteen days before a bomb was dropped on Hiroshima, President Truman 
told Stalin simply that the United States had a new weapon of unusual 
destructive force. Bohr’s wartime pleas had failed. In books written in the 
1960s and later, these pleas were seen as the remarkable intuition of a 
remarkable scientist. A leading historian of international relations, how- 
ever, attacked them: “The concept of ‘international control’ in the minds of 
Bohr and others was essentially a cop-out, a flight into higher mysticism 
away from the unpleasant and unacceptable world of politics.”® Such stric- 
tures were inappropriate to Bohr’s essentially practical proposal. He knew 
that Russian physicists were extremely capable and that once a bomb had 
been dropped there could be no secret. To inform Russia officially would 
therefore carry little risk and might conceivably bring benefits. Not to 
inform Russia would bring little benefit and would intensify suspicions. 
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Bohr’s idealism, that is, was set in a very practical framework of limited 
objectives as he looked to a future when all civilized life might be destroyed 
in a flash. 

If Russia had been officially told about the bomb during the war, the 
revelation might have made no difference. The Soviets had already begun 
their own project and knew a great deal about the Manhattan Project from 
spies, notably K laus Fuchs. The fact that they were told virtually nothing by 
the Allies guaranteed that attempts made just after the war to establish 
international control, which might have failed anyway, were doomed. 

Bohr, as I have noted, made no representation in advance about the use 
of the atomic bomb against Japan, and he did not argue about past events 
once the war was over. He privately deplored the spirit in which the bomb 
had been used and the opportunities that had been lost,’ but he neither 
made nor joined any written protestations. His thoughts were on the future 
and the postwar world, With his inbred and unquenchable optimism he 
was convinced that, although atomic bombs had introduced unprecedented 
threats to the world, they also provided a unique opportunity to develop a 
new approach to international relationships. 

In the spring of 1945 Bohr wrote another memorandum intended for 
Roosevelt but given to Vannevar Bush after Roosevelt’s death. It looked 
beyond the question of informing the Russians about the bomb during the 
war. Bohr warned that the American-British effort, immense though it 
was, had proved far smaller than might have have been anticipated and that 
any information, however scanty, that might have leaked from it would 
have greatly stimulated efforts elsewhere. Probably within the very near 
future, means would be found to “simplify the methods of production of 
the active substances and intensify their effects to an extent which may 
permit any nation possessing great industrial resources to command 
powers of destruction surpassing all previous imagination. Humanity will 
therefore be confronted with dangers of unprecedented character unless in 
due time measures can be taken to forestall a disastrous competition in such 
formidable armaments and to establish an international control of the 
manufacture and use of the powerful materials,”* 

Extraordinary measures would be necessary to counter secret prepara- 
tions for the mastery of the new means of destruction. Not only must there 
be universal access to full information about scientific discoveries, but 
every major technical enterprise, industrial as well as military, must be 
open to international control. The special character of the production of 
the active materials, and the peculiar conditions governing their use as 
dangerous explosives, would, said Bohr, greatly facilitate such control and 
should ensure its efficiency, provided the right of supervision was guaran- 
teed. Detailed proposals for the establishment of an effective control would 
have to be worked out with the assistance of scientists and technologists 
appointed by governments, and a standing expert committee of an interna- 
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tional security organization could be charged with keeping account of new 
scientific and technical developments and with recommending appropriate 
adjustments of the control measures. 

On recommendations from the technical committee, the organization 
would be able to judge the conditions under which industrial exploitation 
of atomic energy sources could be permitted, with adequate safeguards to 
prevent any assembly of active material for an explosive. All material pre- 
pared for armaments might ultimately be entrusted to the security organi- 
zation, to be held in readiness for eventual policing purposes. The prewar 
bonds between scientists of different nations would be especially valuable in 
creating controls. 

Elements of Bohr’s ideas would eventually be found in the early postwar 
proposals for atomic energy control discussed at the United Nations Com- 
mission on the subject and, later, in the nonproliferation safeguards to be 
operated by the International Atomic Energy Agency. But the United 
Nations proposals came to nothing, and the nonproliferation arrangements 
did not apply to the existing “atomic powers.” On-site inspection, which 
Bohr regarded as essential to “openness” and which has been a feature of all 
attempts to control nuclear weapons and installations, has been unaccept- 
able to the Soviet Union. Since Russian archives are not open, we do not 
know whether Bohr’s plan for openness might have stood a chance if it had 
been proposed to the Russians, along with the information that a bomb was 
being made, before the war ended. If there had been any such possibility, 
the subsequent nuclear arms race might at the very least have been con- 
tained at a lower level. However, once the immediate opportunity had 
passed, the bombs had been dropped on Japan, and the United Nations 
atomic energy commission had failed, openness as a policy became more 
rather than less unthinkable on both sides. 

Nevertheless, Bohr continued his campaign on every possible occasion. 
He increasingly believed that the free access to information which was 
necessary for common security would have far-reaching effects in other 
areas of life and would bring a decisive change in international affairs. In 
1948 he talked and wrote to General George Marshall, U.S. secretary of 
state, urging that an American initiative toward openness might still be 
effective and stressing that it would not entail any a priori commitment to 
disarmament. He was conscious of the growing danger of bacteriological 
and biochemical, as well as atomic, warfare. The darker the international 
outlook grew, the more Bohr was convinced that a great issue “suited to 
invoke the highest aspirations of mankind” must be raised. Openness, with 
free access to information about all aspects of life in every country, was to 
him this issue. The initative should be taken, he pleaded, even if the chances 
of obtaining agreement were slight, because an offer of openness would 
strengthen the moral position of all supporters of genuine international 
cooperation; the opposition of those who refused to join would amount to a 
confession that they lacked confidence in their own cause. His efforts 
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culminated in his open letter to the United Nations in June 1950, which 
incorporated the memoranda he had written to Roosevelt and Marshall. 
All his memoranda and letters on this subject had been written with the 
same examination and reexamination of every word and every nuance that 
marked his scientific papers. He believed that “one should not express a 
thought [in a form] clearer than the thought is.” The result was a density in 
his prose which perhaps made it opaque to many readers. 

The Cold War was now rapidly intensifying, and the Korean War broke 
out at the same time; as Leo Szilard wrote on receiving a copy of Bohr’s 
open letter, “unfortunately world events are moving a little too fast.” As for 
the content of the letter, Oppenheimer was deeply pessimistic that any man 
in a position of political responsibility would ever take the proposal of 
openness as a basis for action. The letter indeed evoked very little public 
reaction outside Scandinavia, and some of the public comment was critical. 
In Britain even the liberal Manchester Guardian wrote an unsympathetic 
leading article emphasizing the need “to keep our feet on the ground.” 
Rudolf Peierls wrote an eloquent reply, arguing, “Let us also try to keep our 
head out of the sand,” and stressing that Bohr had not implied that the 
United States should forthwith publish complete blueprints of their atomic 
energy installations. Bohr himself remained dedicated to his main theme of 
openness, so much so that he would not weaken it by joining the other 
“peace” moves and appeals from men such as Einstein and Bertrand Rus- 
sell.? In 1956 Bohr wrote another open letter to the secretary of the United 
Nations, Dag Hammarskjold. 

The time and the temper had been hopelessly unfavorable to Bohr’s 
initiative. Although it failed, subsequent events have shown that he was 
ahead of his time in political insight, as in so many of his scientific ideas. 
We do not have an open world in 1985 but East-West contacts have been 
extended more widely than most people expected in the dark days of 1950 
and include some scientific areas that were once unthinkable, such as 
high-energy accelerators and thermonuclear fusion. In nuclear weapons 
there is still no on-site inspection, but verification by national technical 
means such as satellites has been accepted in the various arms control 
treaties, On-site inspection has been agreed on, subject to treaty, for the 
destruction of stocks of chemical weapons. 

In today’s situation of nuclear stalemate, when the danger lies in upset- 
ting an equilibrium, the information available about the number and types 
of weapons on both sides has become greater than anyone in 1950 believed 
possible. The revolution in communications technology which Bohr fore- 
saw has greatly added to the information that countries have about each 
other. If such enforced openness diminishes rather than increases suspicion, 
Bohr’s convictions may still prove to have been clearmindedly visionary, 
rather than impracticably idealistic. This may, just conceivably, happen in 
the lifetime of his own grandchildren. 


——_— 


I must apologize for at least one 
dehciency. Some of my sentences are 
short, and this conflicts with Bohr’s 
way of using any language. 
Edward Teller, “Niels Bohr and the 
Idea of Complementarity,” 1969 
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The problem of whether Germany would attempt to develop a nuclear 
bomb during World War II naturally preoccupied those of us in Britain 
and the United States who were aware of the feasibility. We had recognized 
the oblique warning in a 1939 paper by Siegfried Fliigge, which indicated 
the lines of German nuclear thought;! and we had positive evidence in 1941 
and 1942, from a section of the Norwegian resistance led by the physical 
chemist Leif Tronstad, that the Germans had demanded large supplies of 
heavy water from the Norsk Hydro plant at Rjukan. The task of watching 
these developments fell to my section of British Intelligence, and one of my 
colleagues, Eric Welsh, suggested that it would be a notable coup if we 
could make contact with Niels Bohr in Copenhagen, and persuade him to 
escape from the Nazis and join the Allied effort. 

The first step was to secure the help of someone whom Bohr would 
know and trust, and to ask this person to write a message inviting Bohr to 
Britain. We decided on James Chadwick, who hesitated until Eric Welsh, 
speaking in the name of Britain, convinced him that it was his duty to help. 
Then we had to get the message to Bohr: it was sent early in 1943 as 
microdots concealed in holes bored into the handles of two ordinary-look- 
ing keys which were taken to Bohr by Captain Gyth, a member of the 
Danish General Staff, with which we were in contact. 

We had presented Bohr with one of the most difficult choices an indi- 
vidual can face when his country falls into enemy hands: Should he stay and 
fight it out, either overtly or covertly, or should he escape and take up the 
fight from outside? Bohr’s reply came back to us by the same route as our 
message had gone to him. We might well have guessed it, for in a 1941 
article on Danish culture he had quoted Hans Christian Andersen: “In 
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begins.” He had to stay: “I feel it to be my duty in our desperate situation to 
help resist the threat against the freedom of our institutions and to assist in 
the protection of the exiled scientists who have sought refuge here.” He 
doubted, moreover, whether he could be of great help in the West: “Above 
all I have to the best of my judgment convinced myself that, in spite of all 
future prospects, any immediate use of the latest marvelous discoveries of 


The message in the keys. Above is a 
facsimile of the explanatory letter 
that preceded them. Below is a 
photograph of the keys themselves 
and the microdot messages (barely 
visible as specks in the centers of the 
squares). 
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atomic physics is impracticable.” “However,” he added, “there may, and 
perhaps in the near future, come a moment when things look different and 
where I, if not in other ways, might be able modestly to assist in the 
restoration of international collaboration in human progress. At that mo- 
ment I shall make an effort to join my friends.” 

Two months later Bohr heard rumors of the German demand for in- 
creased heavy-water production and for metallic uranium, and so he wrote 
again to Chadwick qualifying his previous disbelief in any immediate 
exploitation of nuclear energy —although he remained skeptical, if only 
because of the seeming impossibility of separating enough uranium 235. 
This was despite a visit that Heisenberg had paid him in Copenhagen in 
October 1941 which, from the questions that Heisenberg asked, Bohr 
subsequently interpreted as indicating that the Germans were seriously 
considering making a nuclear bomb. 

Bohr’s decision to stay in Denmark was upset in September 1943 when 
he and his mathematician brother, Harald, received warnings that they 
were to be arrested by the Germans. Bohr and his wife were therefore taken 
to Sweden by the Danish resistance, and their sons a few weeks later. When 
the news reached us, Lord Cherwell (F. A. Lindemann) sent a telegram to 
Bohr, inviting him to Britain, and Bohr immediately accepted. But the 
journey from Stockholm to Britain on 6 October 1943 was even more 
hazardous than the crossing from Denmark to Sweden, for courier aircraft 
across the North Sea were hunted by the Luftwaffe. The only reasonably 
safe way was by Mosquito aircraft which, with a crew of two, had not been 
designed to carry passengers. The only available accommodation was in the 
bomb bay which, like the rest of the aircraft, was unpressurized. Both crew 
and passengers had therefore to wear flying helmets with oxygen masks, 
which were to be turned on at cruising altitude on an order from the pilot 
over the intercommunication system through headphones in the helmets. 
Only after the aircraft had taken off did Bohr find that his helmet was 
much too tight for his large head and that he could not keep the headphones 
on, with the result that he failed to hear the order to switch on his oxygen 
and he lost consciousness. The pilot, hearing nothing from his passenger, 
could only hope that he had heard the order and that the absence of reply 
indicated nothing more serious than a microphone failure. As soon as 
possible the pilot dropped to low altitude to minimize oxygen starvation, 
but still there was no response from his passenger. I was to have gone up to 
the Scottish airfield at which the aircraft was due to land, but duties in 
connection with the prospective V-weapons campaign prevented me, and 
Welsh went instead. Welsh told me that he had never seen an aircraft pull 
up so sharply on landing, or a pilot jump out so quickly and rush to open the 
bomb bay. Fortunately he found Bohr alive and once again conscious, but 
still defeated by the helmet. He was brought to London, and a week later 
was followed by his physicist son, Aage. 

On this first wartime visit Bohr was treated, as always, with respect as 
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The bomb bay of a converted Mosquito bomber of the type used to transport Niels Bohr 
from Sweden to Britain. Throughout the Second World War, British Overseas Airways 
Corporation, using civilian aircraft and civilian crew, maintained flights on the route 


from Sweden to Britain. The aircraft, which at times made several flights a day, carried 
mail, news, freight (particularly ball bearings), diplomatic personnel, and “very 
important people.” Weather, navigation problems, and hostile action combined to make 
the flights extremely hazardous, even after the arrival of the fast, high-flying Mosquito 
Airliner. In July 1943 two Mosquito bombers were converted to carry a passenger, who 
flew cramped and isolated in the padded bomb bay and in contact with the crew only 
through headphones. It was in this way that Bohr made his three-hour flight to Britain. 
The Mosquitoes made just over one thousand flights and flew some three quarters of a 
million miles. Four aircraft were lost with crew and passengers, including the flight on 
25 October 1943, just after those taken by Bohr and his son Aage. 


deep as it was affectionate; but the unusual circumstances led to his being 
kept not only from the public eye but also from the eyes of most of his 
former scientific colleagues, except for a very few such as Chadwick who 
were Closely associated with the nuclear energy project, and one or two of 
us in British Intelligence. Bohr was installed in an apartment in St. James's 
Court in Westminster, and given an ofhce in the Tube Alloys (nuclear 
energy) project in Old Queen Street. Stewart Menzies, head of the British 281 
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Secret Service, gave a dinner in his honor at the Savoy Hotel, with a small 
but cordial party that included Cherwell, F. C. Frank, and myself. After the 
war, Bohr told me that he had had no hesitation in working with British 
Intelligence because he had found it was run by a gentleman! 

Ar the beginning, Bohr could hardly believe that the development of a 
nuclear bomb was so advanced; but any doubts were dispelled on the visit 
that was then arranged for him to see the work in the United States, and his 
mind immediately turned to the international problems that would ensue 
after the war if nuclear bombs could be made. During his visit, he renewed 
acquaintance with Felix Frankfurter, a justice of the Supreme Court, and 
he saw in this contact a chance to bring his ideas about the impact of the 
nuclear bomb on postwar international relations to the notice of President 
Roosevelt. 

On his return to England in April 1944, Bohr saw a possible role for 
himself in bringing these same ideas to the notice also of Winston Church- 
ill and perhaps in acting as a benevolent and enlightening link between the 
two leaders. I came into his discussions at this point because I was told that 
he and Aage were living in lonely seclusion again in St. James’s Court, and 
thar he would welcome any chance to talk. So my colleague F. C. Frank and 
I would take what time we could afford out of our office to call on him. 
Could any physicist in 1944 imagine a more frustrating situation? Here was 
an invitation to talk to Niels Bohr, virtually alone, for all the hours in the 
day (and night); yet we had to weigh almost every moment, for this was the 
vital time before che landings in Normandy, when we were directing the 
attacks on the German coastal radar defenses, and just before the opening of 
the V-weapons campaign, in which we were responsible for intelligence 
concerning the weapons. But we were fascinated by every hour that we 
could spend with Bohr in a marvelous series of tutorials in physics. We 
learned, for example, of his original difficulty in concetving his electron- 
orbital model of the atom, and then in getting it accepted, because electrons 
in orbit were subject to centripetal acceleration, and accelerating charges 
should radiate electromagnetic energy. He simply had had to assume that in 
this particular case radiation did not take place. It is of some pedagogic 
interest that by the time students such as myself had come to study atomic 
physics in the late twenties, the objection had been so glossed over as never 
to be mentioned. 

F. C. Frank and I were especially grateful for the simple elegance of 
Bohr’s liquid-drop model, after the obscure formulations of other theorists 
concerning nuclear behavior. I was fascinated, too, by his work on comple- 
mentarity and indeterminacy, to which I had been inclined in my under- 
graduate years by my own professor F. A. Lindemann. In London, Bohr 
treated us to a blow-by-blow account of his great battle with Einstein. He 
also recalled the day when the young Heisenberg returned to Copenhagen 
from Gottingen saying, “It looks as though we shall have to learn about 
matrices!” Again I wondered retrospectively where the imaginative idea 
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came from of bringing this particular discipline into physics. I later com- 
mented on it to Max Born, who said, “That’s simple. Heisenberg had come 
back to Géttingen for a visit, and told me about his problem in Copenha- 
gen. I happened to know about noncommutative algebra, and gave him the 
idea.” 

Frequently Bohr became so absorbed in what he had to tell us that he 
would start to light his pipe, but would then put down the burning match 
while he went on talking, and the pipe would still not be lit, even after ten 
or more matches had expired and been placed in a mounting pyramid. And 
he would get up and repeatedly circle his desk, like one of his electrons in its 
orbit. Mischievously, I tested his absorption by circling the same desk, in a 
contra-orbit, so we crossed twice every revolution — but he never noticed. 
Our meetings with him were delicious mixtures of gravity and humor, the 
gravity being largely concerned with the postwar state of the world if the 
nuclear bomb materialized. Bohr was convinced that, whatever immediate 
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advantage the bomb might give the West, the Russians must sooner or later 
master the secrets of its design and manufacture, and with their apprehen- 
sive approach to international affairs, a very dangerous era of mutual mis- 
trust must follow. Therefore, it might be best to dispel their mistrust for all 
time by showing them that they had nothing to fear from the West by 
giving them the secrets of the bomb as the ultimate gesture of trusting 
goodwill. He told us that he already had a contact with Roosevelt, and he 
wished that he could speak with Churchill. I offered to see what I could do, 
because I could see the possibility of further benefit if the two could meet. 

What I had in mind was the prospect of convincing Churchill of the 
magnitude and imminence of the nuclear problem. I wondered whether he 
had fully appreciated its significance when, at the Quebec Conference of 
August 1943, he had signed away British postwar commercial rights to 
nuclear developments, with such rights to be dealt with “on terms to be 
specified by the President of the United States to the Prime Minister of 
Great Britain.” I thought that if Bohr could meet him, Churchill would at 
least find that the world’s leading nuclear physicist was so convinced that 
nuclear energy would be shortly released as to be deeply worried about its 
international implications. I also thought that Churchill might not have 
signed away British rights so lightly had his friend and advisor Lord Cher- 
well been himself more convinced of the nuclear prospect. I had even 
reproached Cherwell for, as I believed, his not having put the case more 
strongly to Churchill. 

Courtesy demanded that I make the approach to Churchill through 
Cherwell, and I wondered whether the latter would agree. Nevertheless he 
did, and an appointment was made for him to take Bohr to Churchill a few 
days later. Much gratified, I told Bohr the good news, and he told me he 
would very much like my help in composing what he intended to say. He 
said that he knew his pronunciation of English was not good. Once he had 
had to speak at a dinner in London, and had had enough confidence in his 
pronunciation to tell “a little joke” about a Frenchman who claimed that to 
speak English well “was not so much a matter of the vockerbewlerie as of 
the assent.” But when Bohr had told the story at the dinner, nobody had 
laughed. “Then,” he said, “I realised how var’ var’ bad I spoke English.” 

Bohr proposed to write out what he intended to say, and to ask me to put 
it into good English, which he would then learn by heart. I did my best with 
his first draft, and then he modified it where he thought that I had not 
caught his exact meaning, and we continued successive stages of this pro- 
cess over the next three days or so, when Bohr declared himself satisfied. At 
the appointed hour, after lunch on 16 May 1944, I took him to the Cabinet 
Office for Cherwell to escort him over to 10 Downing Street. Leaving 
them, I returned to the invasion preparations. These took me to the Air 
Ministry building on King Charles Street, and I was making my way back 
to my own office again at about five o'clock along Old Queen Street when I 
was surprised to see Bohr coming in the opposite direction. His eyes were 
turned heavenward, and he walked clean past me in a daze. Turning to 
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overtake him, I said, “Hallo, Professor Bohr, how did you get on?” All he 
could say was, “It was terrible. He scolded us like two schoolboys!” 

Later he told me what had gone wrong. He and Cherwell were waiting 
in the room when Churchill came in and immediately upbraided Cherwell: 
“I know why you have fixed this meeting. You want to reproach me about 
the Quebec Agreement.” Now, Cherwell had previously defended the 
agreement to me, but either he had since changed his mind or his defense 
had been purely out of loyalty to Churchill. If the latter, it was cruel that he 
was now being attacked; but more serious was the effect on Bohr, because 
his set opening speech was thereby put out of place. Bohr did his best to 
improvise, and no doubt suffered from his usual anxiety to be precise, but 
Churchill was in no mood to make allowances, and he lost patience with 
Bohr, telling him that if Bohr was worried about postwar problems, “I 
cannot see what you are worrying about. After all, this new bomb is just 
going to be bigger than our present bombs. It involves no difference in the 
principles of war; and as for any postwar problems, there are none that 
cannot be amicably settled between me and my friend President Roosevelt.” 
The episode left Bohr much shaken, and my good intentions shattered. 

We wondered what to do next. Bohr decided to submit his ideas in 
writing, no doubt based on his lost speech. In our subsequent discussions in 
the Secret Intelligence Service, Stewart Menzies had the idea of arranging 
for Bohr to meet General Jan Smuts, for whom Churchill had great respect, 
so that Smuts could add his weight. 

I did not see Bohr again during the war; but in 1947, after I had gone to 
the University of Aberdeen, I was delighted by a letter from him inviting 
me to the next of his informal conferences in Copenhagen. I had heard of 
these scintillating conferences before the war, never even hoping to be 
invited. But Bohr was evidently grateful for what little I had been able to do 
during the war, and so I found myself accepted into the marvelous company 
of his friends — Wolfgang Pauli, Lise Meitner, Otto Stern, Victor Weiss- 
kopf, Hendrik Casimir, Hendrik Kramers, and many others among them. 
There was only one other Englishman present, Cecil Powell from Bristol. 
Although I myself could contribute nothing, Powell was on the crest of his 
wave with his newly identified pi and mu mesons. It was good to be present 
as he gave his news to the totally absorbed audience. 

Niels Bohr had opened the conference by saying that some of his friends 
had been away from physics for most of the war, and so he would make a 
few introductory remarks to remind us of the state that nuclear physics had 
reached. I felt that this was particularly for my personal beneht, for I was 
the only member of the audience who had been so much out of the main- 
stream of physics. Much of what he said covered the ground of our 1944 
tutorials, and he became so involved that all thought of tea was forgotten. 
Two and a half hours later he looked at his watch and said, “Oh dear! It was 
tea an hour ago!” He spoke so quietly that he had been difficult to follow, 
and the audience broke into laughter when he asked the first speaker after 
tea to speak up in order to be heard, at which Pauli bellowed out, “After you 
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everybody seems loud!” Such was the happy informality of a Copenhagen 
conference. 

I was at a subsequent conference in 1951, at which the German physicists 
were now present, among them Heisenberg, Houtermans, and Kopfer- 
mann, and a stronger British contingent including C. G. Darwin, Dirac, 
G. P. Thomson, and J. D. Cockcroft. One of the outcomes of that confer- 
ence was the proposal to form CERN. 

The following year, Bohr came to stay with us in Aberdeen to receive an 
honorary degree. He asked to see my work in the laboratory, and when I 
said that I doubted whether my kind of instrumental physics would interest 
him he told me that when he was a research student he was the one in the 
laboratory to whom everyone brought their galvanometers and other in- 
struments to repair. He was still preoccupied with the international situa- 
tion, and we spent till two or three o’clock every morning talking it over. 
“Do you mind,” he would ask my wife, “if your husband stays up so that we 
can have another little talk?” 

One of his many comments that I can recall from these chats concerned 
the education of young physicists, and at what point they should begin to 
specialize in physics. Despite the fact that many of the greatest advances in 
theoretical physics had been made by young people, from which it appeared 
that the educational problem was to get them to the frontiers of existing 
knowledge at an early stage in their lives before their imagination was tired 
by the long journey through knowledge already won, there were those such 
as Heisenberg who had brilliantly come to physics after an education that 
was predominantly and classically in the humanities. Such examples were at 





the time being pressed by those who were resisting any expansion of physics 
in schools and universities. I therefore asked Bohr: Should one specialize 
early in physics or not? “You should not specialize,” he replied, and then — 
with a smile and after a pause — “in too many other things!” 

Fortunately our Scottish weather was kind during that 1952 visit, and we 
were able to show him Deeside, where he was as excited as a schoolboy at 
seeing salmon leaping at the Falls of Feugh. For the rest of the day he kept 
discreetly inquiring about the details of our return route, and it was clear 
that he wanted to watch the salmon again but was afraid that we might 
think him childish if he said so. We were astonished at his nimbleness — he 
was then sixty-seven, but he leaped over burns in a way that made me look 
clumsy. We had forgotten about his athletic youth. 

A lasting memory from this same trip was a visit to an Aberdeenshire 
farm, whose owner, Archie Reed, and his wife were among our good 
friends. Archie knew and loved horses, and one of my treasures is the 
memory of Bohr leaning over a farm gate while Archie gave him a lecture, 
with a good Buchan accent, on how to judge the points of a horse. Bohr 
listened with all the respect due from a great expert in one field to one 
whom he recognized as equally expert in another. “Var’ fine people,” he 
said, recalling the incident to me years afterward. 

Bohr was able to put his new knowledge to use a few days later, when, at 
a party at my house, he was suddenly called upon to play the part of a horse. 
Since we were going off to a formal dinner, we were all in full evening dress 
with decorations. Sir Henry Tizard, who was also one of our guests, 
inveigled Bohr into pretending that they were a pair of horses so they could 
trot round the room driven by my twenty-three-month-old daughter. The 
reins for Tizard were the crimson sash of his Order of the Bath; those for 
Bohr, the light blue of his Order of the Elephant. Never, since I had first 
read Bohr’s name in my school textbook or had encountered Tizard in air 
defense, had I thought that I should see such a happy and human spectacle 
in my own house. 

In 1959 my wife and I visited Denmark, and Bohr led me to his private 
retreat on the grounds of his country house at Tisvilde, on the forested 
shore of Zealand. During an hour or two’s talk, we went over old times — 
the Mosquito flight, the Churchill interview and what had gone wrong 
with it, the open letter that Bohr had written to the United Nations in 1950, 
Archie Reed and his horses, the salmon, and so on. He was happier about 
the international situation now that the United States and the Soviet Union 
were together showing signs of responsibility; he felt that, after years of 
darkness, there was indeed hope for the world. I did not see him again, but I 
like to think that his life finished on this note of optimism. 

In a heroic age of physics Niels Bohr was one of the very foremost 
figures, and his ideas stand among the turning points of human thought. In 
all respects the magnitude and insight of his mind were matched by the 
greatness and humanity of his character. What good fortune it was to have 
known him! 


Meetings in Wartime and After 


287 








Open Letter to the United Nations 





288 


On 9 June 1950, Niels Bohr issued a public statement with the above title. It 
was the product of long thought and effort that began as soon as he learned 
of the wartime project in the United States to construct an atomic bomb. It 
represents Bohr’s most complete and important statement on the problems 
engendered by man’s discovery and exploitation of nuclear energy. 
Limitations of space have prevented our reprinting the Open Letter in its 
entirety. The abridged version below, prepared by Dr. Erik Riidinger at the 
Niels Bohr Institute, seeks to make the flow of Bohr’s arguments as clear as 
possible, interrupted only by brief explanations of the material left out.’ 


A.P.F. 
as 


I address myself to the organization, founded for the purpose to further 
cooperation between nations on all problems of common concern, with 
some considerations regarding the adjustment of international relations 
required by modern development of science and technology. At the same 
time as this development holds out such great promises for the improve- 
ment of human welfare it has, in placing formidable means of destruction 
in the hands of man, presented our whole civilization with a most serious 
challenge. 

My association with the American-British atomic energy project during 
the war gave me the opportunity of submitting to the governments con- 
cerned views regarding the hopes and the dangers which the accomplish- 
ment of the project might imply as to the mutual relations between nations. 
While possibilities still existed of immediate results of the negotiations 
within the United Nations on an arrangement of the use of atomic energy 
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guaranteeing common security, I have been reluctant in taking part in the 
public debate on this question. In the present critical situation, however, I 
have felt that an account of my views and experiences may perhaps contrib- 
ute to renewed discussion about these matters so deeply influencing inter- 
national relationship. 


For the modern rapid development of science and in particular for the 
adventurous exploration of the properties and structure of the atom, inter- 
national cooperation of an unprecedented extension and intensity has been 
of decisive importance. The fruitfulness of the exchange of experiences and 
ideas between scientists from all parts of the world was a great source of 
encouragement to every participant and strengthened the hope that an ever 
closer contact between nations would enable them to work together on the 
progress of civilization in all its aspects. 

Yet, no one confronted with the divergent cultural traditions and social 
organization of the various countries could fail to be deeply impressed by 
the difficulties in finding a common approach to many human problems. 
The growing tension preceding the Second World War accentuated these 
difficulties and created many barriers to free intercourse between nations. 
Nevertheless, international scientific cooperation continued as a decisive 
factor in the development which, shortly before the outbreak of the war, 
raised the prospect of releasing atomic energy on a vast scale. 


Everyone associated with the atomic energy project was, of course, 
conscious of the serious problems which would confront humanity once 
the enterprise was accomplished. Quite apart from the role atomic weapons 
might come to play in the war, it was clear that permanent grave dangers to 
world security would ensue unless measures to prevent abuse of the new 
formidable means of destruction could be universally agreed upon and 
carried out. 

As regards this crucial problem, it appeared to me that the very necessity 
of a concerted effort to forestall such ominous threats to civilization would 
offer quite unique opportunities to bridge international divergencies. 
Above all, early consultations between the nations allied in the war about 
the best ways jointly to obtain future security might contribute decisively to 
that atmosphere of mutual confidence which would be essential for cooper- 
ation on the many other matters of common concern. 

In the beginning of 1944, I was given the opportunity to bring such 
views to the attention of the American and British governments. It may be 
in the interest of international understanding to record some of the ideas 
which at that time were the object of serious deliberation. For this purpose, 
I may quote from a memorandum which I submitted to President Roosevelt 
as a basis for a long conversation which he granted me in August 1944: 
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“It certainly surpasses the imagination of anyone to survey the con- 
sequences of the project in years to come, where in the long run the 
enormous energy sources which will be available may be expected to 
revolutionize industry and transport. The fact of immediate preponder- 
ance is, however, that a weapon of an unparalleled power is being created 
which will completely change all future conditions of warfare. 

“Quite apart from the question of how soon the weapon will be ready 
for use and what role it may play in the present war, this situation raises a 
number of problems which call for most urgent attention. Unless, in- 
deed, some agreement about the control of the use of the new active 
materials can be obtained in due time, any temporary advantage, how- 
ever great, may be outweighed by a perpetual menace to human security. 


“The present moment where almost all nations are entangled in a 
deadly struggle for freedom and humanity might at first sight seem most 
unsuited for any committing arrangement concerning the project. Not 
only have the aggressive powers still great military strength, although 
their original plans of world domination have been frustrated and it 
seems certain that they must ultimately surrender, but even when this 
happens, the nations united against aggression may face grave causes of 
disagreement due to conflicting attitudes toward social and economic 
problems. 

“By a closer consideration, however, it would appear that the potentia- 
lities of the project as a means of inspiring confidence just under these 
circumstances acquire most actual importance, Moreover the momen- 
tary situation would in various respects seem to afford quite unique 
possibilities which might be forfeited by a postponement awaiting the 
further development of the war situation and the final completion of the 
new weapon.” 


[Bohr further developed these arguments in a second memorandum of March 1945, 
also quoted in the open letter:] 


“Above all, it should be appreciated that we are faced only with the 
beginning of a development and that, probably within the very near 
future, means will be found to simplify the methods of production of the 
active substances and intensify their effects to an extent which may 
permit any nation possessing great industrial resources to command 
powers of destruction surpassing all previous imagination. 

“Humanity will, therefore, be confronted with dangers of unprece- 
dented character unless, in due time, measures can be taken to forestall a 
disastrous competition in such formidable armaments and to establish an 
international control of the manufacture and use of the powerful mate- 
rials, 2914 
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“As argued in the memorandum, it would seem most fortunate that 
the measures demanded for coping with the new situation, brought 
about by the advance of science and confronting mankind at a crucial 
moment of world affairs, fit in so well with the expectations for a future 
intimate international cooperation which have found unanimous ex- 
pression from all sides within the nations united against aggression. 

“Moreover, the very novelty of the situation should offer a unique 
opportunity of appealing to an unprejudiced attitude, and it would even 
appear that an understanding about this vital matter might contribute 
most favorably toward the settlement of other problems where history 
and traditions have fostered divergent viewpoints. 

“With regard to such wider prospects, it would in particular seem that 
the free access to information, necessary for common security, should 
have far-reaching effects in removing obstacles barring mutual knowl- 
edge about spiritual and material aspects of life in the various countries, 
without which respect and goodwill between nations can hardly endure. 


“All such opportunities may, however, be forfeited if an initiative is 
not taken while the matter can be raised in a spirit of friendly advice. In 
fact, a postponement to await further developments might, especially if 
preparations for competitive efforts in the meantime have reached an 
advanced stage, give the approach the appearance of an attempt at coer- 
cion in which no great nation can be expected to acquiesce. 

“Indeed, it need hardly be stressed how fortunate in every respect it 
would be if, at the same time as the world will know of the formidable 
destructive power which has come into human hands, it could be told 
that the great scientific and technical advance has been helpful in creat- 


ing a solid foundation for a future peaceful cooperation between na- 
tions.” 


Looking back on those days, I find it difficult to convey with sufhcient 
vividness the fervent hopes that the progress of science might initiate a new 
era of harmonious cooperation between nations, and the anxieties lest any 
opportunity to promote such a development be forfeited. 

Until the end of the war I endeavored by every way open to a scientist to 
stress the importance of appreciating the full political implications of the 
project and to advocate that, before there could be any question of use of 
atomic weapons, international cooperation be initiated on the elimination 
of the new menaces to world security. 

I left America in June 1945, before the final test of the atomic bomb, and 
remained in England, until the official announcement in August 1945 that 
the weapon had been used. Soon thereafter I returned to Denmark and have 
since had no connection with any secret, military or industrial, project in 
the field of atomic energy. 
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[Bohr described the difficult political situation in the postwar years:] 


Without free access to all information of importance for the interrela- 
tions between nations, a real improvement of world affairs seemed hardly 
imaginable. It is true that some degree of mutual openness was envisaged as 
an integral part of any international arrangement regarding atomic energy, 
but it grew ever more apparent that, in order to pave the way for agreement 
about such arrangements, a decisive initial step toward openness had to be 
made. 

The ideal of an open world, with common knowledge about social 
conditions and technical enterprises, including military preparations, in 
every country, might seem a far remote possibility in the prevailing world 
situation. Still, not only will such relationship between nations obviously 
be required for genuine cooperation on progress of civilization, but even a 
common declaration of adherence to such a course would create a most 
favorable background for concerted efforts to promote universal security. 
Moreover, it appeared to me that the countries which had pioneered in the 
new technical development might, due to their possibilities of offering 
valuable information, be in a special position to take the initiative by a 
direct proposal of full mutual openness. 

I thought it appropriate to bring these views to the attention of the 
American government without raising the delicate matter publicly. 


[Bohr quoted a memorandum of March 1948 addressed to the secretary of state. The 
quotation ends with the following passage: 


“Under the circumstances it would appear that most careful considera- 
tion should be given to the consequences which might ensue from an 
offer, extended at a well-timed occasion, of immediate measures toward 
openness on a mutual basis. Such measures should in some suitable 
manner grant access to information, of any kind desired, about condi- 
tions and developments in the various countries and would thereby allow 
the partners to form proper judgment of the actual situation confronting 
them. 

“An initiative along such lines might seem beyond the scope of con- 
ventional diplomatic caution; yet it must be viewed against the back- 
ground that, if the proposals should meet with consent, a radical im- 
provement of world affairs would have been brought about, with entirely 
new opportunities for cooperation in confidence and for reaching 
agreement on effective measures to eliminate common dangers. 

“Nor should the difficulties in obtaining consent be an argument 
against taking the initiative since, irrespective of the immediate re- 
sponse, the very existence of an offer of the kind in question should 
deeply affect the situation in a most promising direction. In fact, a 
demonstration would have been given to the world of preparedness to 


293 


Bohr and Politics 





live together with all others under conditions where mutual relationships 
and common destiny would be shaped only by honest conviction and 
good example. 

“Such a stand would, more than anything else, appeal to people all over 
the world fighting for fundamental human rights, and would greatly 
strengthen the moral position of all supporters of genuine international 
cooperation. At the same time, those reluctant to enter on the course 
proposed would have been brought into a position difficult to maintain 
since such opposition would amount to a confession of lack of conf- 
dence in the strength of their own cause when laid open to the world. 

“Altogether, it would appear that, by making the demand for openness 
a paramount issue, quite new possibilities would be created, which, if 
purposefully followed up, might bring humanity a long way forward 
toward the realization of that cooperation on the progress of civilization 
which is more urgent and, notwithstanding present obstacles, may still 
be within nearer reach than ever before.” 


Within the last years, worldwide political developments have increased 
the tension between nations, and at the same time the perspectives that 
great Countries may compete about the possession of means of annihilating 
populations of large areas and even making parts of the earth temporarily 
uninhabitable have caused widespread confusion and alarm. 

As there can hardly be question for humanity of renouncing the pros- 
pects of improving the material conditions for civilization by atomic en- 
ergy sources, a radical adjustment of international relationship is evidently 
indispensable if civilization shall survive. Here, the crucial point is that any 
guarantee that the progress of science is used only to the benefit of mankind 
presupposes the same attitude as is required for cooperation between na- 
tions in all domains of culture. 

Also in other fields of science recent progress has confronted us with a 
situation similar to that created by the development of atomic physics. Even 
medical science, which holds out such bright promise for the health of 
people all over the world, has created means of extinguishing life on a 
terrifying scale which imply grave menaces to civilization, unless universal 
conhdence and responsibility can be firmly established. 

The situation calls for the most unprejudiced attitude toward all ques- 
tions of international relations. Indeed, proper appreciation of the duties 
and responsibilities implied in world citizenship is in our time more neces- 
sary than ever before. On the one hand, the progress of science and technol- 
ogy has tied the fate of all nations inseparably together; on the other hand, it 
is on a most different cultural background that vigorous endeavors for 
national self-assertion and social development are being made in the var- 
ious parts of our globe. 
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which it can contribute to the common culture and is able to help others 
with experience and resources must be the goal to be put above everything 
else. Still, example in such respects can be effective only if isolation is 
abandoned and free discussion of cultural and social developments permit- 
ted across all boundaries. 

Within any community it is only possible for the citizens to strive 
together for common welfare on a basis of public knowledge of the general 
conditions in the country. Likewise, real cooperation between nations on 
problems of common concern presupposes free access to all information of 
importance for their relations. Any argument for upholding barriers for 
information and intercourse, based on concern for national ideals or inter- 
ests, must be weighed against the beneficial effects of common enlighten- 
ment and the relieved tension resulting from openness. 

In the search for a harmonious relationship between the life of the 
individual and the organization of the community, there have always been 
and will ever remain many problems to ponder and principles for which to 
strive. However, to make it possible for nations to benefit from the experi- 
ence of others and to avoid mutual misunderstanding of intentions, free 
access to information and unhampered opportunity for exchange of ideas 
must be granted everywhere. 

In this connection it has to be recognized that abolition of barriers would 
imply greater modifications in administrative practices in countries where 
new social structures are being built up in temporary seclusion than in 
countries with long traditions in governmental organization and interna- 
tional contacts. Common readiness to assist all peoples in overcoming 
difficulties of such kind is, therefore, most urgently required. 

The development of technology has now reached a stage where the 
facilities for communication have provided the means for making all man- 
kind a cooperating unit, and where at the same time fatal consequences to 
civilization may ensue unless international divergencies are considered as 
issues to be settled by consultation based on free access to all relevant 
information. 

The very fact that knowledge is in itself the basis for civilization points 
directly to openness as the way to overcome the present crisis. Whatever 
judicial and administrative international authorities may eventually have to 
be created in order to stabilize world affairs, it must be realized that full 
mutual openness, only, can effectively promote confidence and guarantee 
common security. 

Any widening of the borders of our knowledge imposes an increased 
responsibility on individuals and nations through the possibilities it gives 
for shaping the conditions of human life. The forceful admonition in this 
respect which we have received in our time cannot be left unheeded and 
should hardly fail in resulting in common understanding of the seriousness 
of the challenge with which our whole civilization is faced. It is just on this 
background that quite unique opportunities exist today for furthering 
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cooperation between nations on the progress of human culture in all its 
aspects. 


I turn to the United Nations with these considerations in the hope that they 
may contribute to the search for a realistic approach to the grave and urgent 
problems confronting humanity. The arguments presented suggest that 
every initiative from any side toward the removal of obstacles for free 
mutual information and intercourse would be of the greatest importance in 
breaking the present deadlock and encouraging others to take steps in the 
same direction. The efforts of all supporters of international cooperation, 
individuals as well as nations, will be needed to create in all countries an 
opinion to voice, with ever increasing clarity and strength, the demand for 
an open world. 


Copenhagen, June 9th, 1950 
Niels Bohr 


—_—S—_—— 


VI. PHILOSOPHICAL IDEAS 








The Philosophy of Niels Bohr 


Aage Petersen 


Attempting to describe Niels Bohr’s philosophy puts me in a situation very 
much like that of the young man in one of Bohr’s favorite stories.’ In an 
isolated village there was a small Jewish community. A famous rabbi once 
came to the neighboring city to speak and, as the people of the village were 
eager to learn what the great teacher would say, they sent a young man to 
listen. When he returned he said, “The rabbi spoke three times. The first 
talk was brilliant — clear and simple. I understood every word. The second 
was even better — deep and subtle. I didn’t understand much, but the rabbi 
understood all of it. The third was by far the finest —a great and unforget- 
table experience. I understood nothing, and the rabbi himself didn’t under- 
stand much either.” 

For me, Niels Bohr’s philosophy also fell into three parts: one which I 
thought I grasped, one which I did not understand but which I felt was clear 
to Bohr, and one which Bohr himself saw only dimly. Thus, my description 
can be only a weak reflection of his wonderfully rich thought, and I am 
sure he would have expressed many points differently. Yet I hope I can give 
a feeling of the breadth and depth of his philosophy, and perhaps also a 
glimpse of that intellectual harmony in which he lived. 

Bohr never referred to his philosophy as his own. He used to speak of it as 
a general lesson to be drawn from quantum mechanics. Yet when, shortly 
after the development of quantum mechanics, he told his old friend Edgar 
Rubin, a psychologist, of this general lesson, Rubin replied, “Yes, it’s very 
interesting, but you must admit that you said just the same thing twenty 
years ago.” Can this really have been the case? 

The route along which Bohr’s philosophical ideas developed was as 
remarkable as the ideas themselves. Even as a child, Bohr was considered the 
thinker of the family, and his father listened closely to his views on funda- 
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mental problems. Bohr has said that as far back as he could remember he 
liked to dream of great interrelationships. His philosophical attitude seems 
to have been shaped early with very little influence from outside, and he 
spent much time developing it. Shortly before his death, Bohr spoke of his 
youthful philosophical work. When asked what place this work then had in 
his existence, he replied, “It was, in a way, my life!” 

Before the end of his university studies, he had come so far in his thought 
on philosophical problems that he planned to write a book. He felt that he 
had a point of view that was sufficiently clear and complete to be published. 
But he did not write it. Instead he took up other work, and his philosophi- 
cal writing was put off for twenty years. He began to do experiments on 
surface tension for a competition paper by the Royal Danish Academy. He 
built the apparatus himself, and was especially fascinated by glass blowing. 
Commenting on this transition from philosopher to experimental physi- 
cist, he said, “I was not a daydreamer; I was willing to do hard work.” He 
continued on in physics and wrote a doctoral thesis on the electron theory 
of metals. After the thesis he became interested in the problems of atomic 
constitution, and from 1913 to 1927 led the development of quantum 
physics. This development, in which all sides of Bohr’s intellect came to 
fruition, brought him back to philosophy. 

For Bohr, the new theory was not only a wonderful piece of physics; it 
was also a philosophical treasure chamber which contained, in a new form, 
just those thoughts he had dreamed about in his early youth. He no longer 
regretted that he had not written the epistemological book he had planned 
earlier, because he felt that he could now express himself far more clearly. 
Moreover, in 1927, Bohr was no longer a young student, but one of the 
world’s leading physicists. Because of his enormous authority as a scientist, 
he was in a unique position for philosophical innovation. But even though 
he could now use the quantal description as a medium for expressing his 
ideas, his philosophical message was still hard to understand. From his 
essays one gets a strong impression that it was also difficult to present. 

In his enthusiasm for the new prospects now open, Bohr planned to start 
a journal for the philosophical investigations that quantum physics sug- 
gested. This plan, too, was never realized. Again other problems demanded 
his working power. But during the following thirty-five years he published 
a series of articles in which his philosophical viewpoint was developed. 
Almost all of these articles originated from lectures and speeches that he 
gave on various occasions. In all of them Bohr played the same theme again 
and again with slight variations, in a continual attempt to make the atti- 
tude, argument, and terminology clearer. If one said to Bohr that his 
articles were all very similar, he would smile and tell a little story about a 
Greek philosopher of the Sophist school. This philosopher had been away 
from Athens for a long time, and when he returned he was surprised to see 
Socrates engaged in discussion at the usual place. “Are you,” he asked, “still 
standing here, Socrates, saying the same things about the same things?” 
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Socrates replied, “Don’t you ever say the same things about the same 
things?” 

In trying to survey what he called “our situation,” Bohr did not proceed 
in the same way as the philosophers who had formed the Western philo- 
sophical tradition. He did not give new answers to old questions. His 
philosophy cannot be described in terms of the usual philosophical “isms” 
or schools. To Bohr, philosophical problems were neither about existence 
or reality, nor about the structure and limitations of human reason. They 
were communication problems. They dealt with the general conditions for 
conceptual communication. 

When asked what he meant by that, Bohr would say, “What is it that we 
human beings ultimately depend on? We depend on our words. We are 
suspended in language. Our task is to communicate experience and ideas to 
others. We must strive continually to extend the scope of our description, 
but in such a way that our messages do not thereby lose their objective or 
unambiguous character.” 

The general conditions for the use of language include a law requiring a 
proper balance between content and form in conceptual communication. 
When we describe and order experience, we must use a system of concepts. 
No experience can be understood or communicated without being fixed in 
a logical frame. The frame — that is, the way we characterize and combine 
experience — determines what we can talk about and what relationships we 
can express. We must always be prepared to find that a conceptual frame- 
work is too narrow to contain the content we want to press into it. In such a 
situation we are confronted with a logical disharmony, because we try to 
speak about something for which our conceptual system has no room. And 
in efforts to restore harmony, even the frames that are apparently the most 
solid, those defining our elementary concepts, may prove to be blinders that 
conceal more fundamental relationships. Yet logical possibilities for ex- 
tending or generalizing any frame lie like seeds in the presuppositions for 
using our concepts. The extension enables us to talk about new things and 
to express new kinds of regularities. “More and more deeply explored 
presuppositions may reveal relationships of greater and greater scope.” 

These fundamental aspects of description problems have been illumi- 
nated especially by mathematics. Deductive reasoning has taught us the 
significance of the conceptual framework. We have also learned to prove 
that certain problems — for example, the trisection of an angle — cannot be 
solved within a given framework. In addition, mathematics has shown us 
the wealth of unsuspected possibilities for conceptual extension or general- 
ization that are latent in the way we use our simplest words. 

Even in his school years, Bohr was intensely interested in the foundations 
of the mathematical approach and its relation to the general conditions for 
the use of language. Especially, he pondered the remarkable limitation of 
ordinary numbers which had been discovered by ancient Greek mathema- 
ticians when they had tried to express the length of the diagonal in the unit 





[Such] quantitative analysis [is] 
characteristic of the exact sciences, 
whose task, according to the 
program of Galileo, is to base all 
description on well-defined 
measurements. Notwithstanding the 
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offered for such a task, it must be 
realized that the very definition of 
mathematical symbols and operations 
rests on simple logical use of 
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cumbersome. 
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square and which is believed to have been a major stimulus to the develop- 
ment of the axiomatic method. Ordinary numbers and ordinary arithmeti- 
cal operations form a system within which many numerical problems can 
be asked and answered. We depend on the number system when we express 
numerical relationships. Yet there are numerical problems which, so to say, 
fall outside the scope of this system. In the system of integers and fractions, 
one cannot express the length of the diagonal of the unit square. But the 
system can be extended or generalized, and in the extended system there is a 
number, V2, which when multiplied by itself gives 2. 

As far as I can see, the doctrine that we are, philosophically speaking, 
suspended in language, that we depend on our conceptual framework for 
unambiguous communication, and that the scope of the frame may be 
extended by generalization in the way illustrated in mathematics, forms the 
general basis of Bohr’s philosophy. In his writings he never gave a detailed 
exposition of this view. Nor did he discuss its relation to other conceptions 
of the philosophical status of language. He considered it completely obvious 
and was surprised that others found it so difficult to understand. 

Traditional philosophy has accustomed us to regard language as some- 
thing secondary, and reality as something primary. Bohr considered this 
attitude toward the relation between language and reality inappropriate. 
When one said to him that it cannot be language which is fundamental, but 
that it must be reality which, so to speak, lies beneath language, and of 
which language is a picture, he would reply, “We are suspended in language 
in such a way that we cannot say what is up and what is down. The word 
‘reality’ is also a word, a word which we must learn to use correctly.” Bohr 
was not puzzled by ontological problems or by questions as to how concepts 
are related to reality. Such questions seemed sterile to him. He saw the 
problem of knowledge in a different light. 

The chief characteristic of the sort of description we seek both in science 
and in practical life is objectivity. In Bohr’s usage, an objective message was 
an unambiguous message, one that could not be misunderstood. If our 
communications are to be understood, their content must be clearly delin- 
eated. There must be, so to speak, a partition between the subject which 
communicates and the object which is the content of the communication. 
This partition is indispensable in every objective description, and Bohr saw 
in it the core of the problem of knowledge. 

We may get an idea of the significance of the subject- object partition by 
considering the problem of describing our own thinking activity. When 
we think, we confront an objective content with a thinking subject. But the 
subject, our own ego, can also be made a part of the content of conscious- 
ness. In introspection we make that which is usually the subject, and 
therefore outside the description, a part of the object about which we 
communicate. Yet the very delineation of this extended content of con- 
sciousness is performed by a new subject. We can thus move the partition 
between actor and spectator or between stage and audience, and we can 
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therefore, in a certain sense, talk about ourselves. But even a message about 
ourselves requires, if it is to be unambiguous, a subject and a partition, and 
the meaning of the message depends on where the partition is placed. 

Thus, our situation is characterized by the fact that, on the one hand, we 
separate subject and object, while, on the other hand, we ourselves belong to 
that about which we are talking. In Bohr’s opinion, the problems in episte- 
mology originate primarily because we do not master the dialectics of the 
movable subject-object partition. The difficulty of delineating clearly the 
content of our messages is the chief source of ambiguity and paradox in 
conceptual communication. 

In early youth, Bohr thought that he had found a way to handle the 
dialectics of the movable subject- object partition. When he heard lectures 
on the theory of complex functions, it struck him that there was a remark- 
able logical similarity between the problems of introspection and those of 
multivalued functions. He became convinced that the ingenious geometric 
device for eliminating the ambiguity of such functions, mapping the var- 
ious functional values on different sheets of a so-called Riemann surface, 
could be exploited for clarifying paradoxes connected with the subject-ob- 
ject partition. This discovery presumably was one of his chief motives for 
writing a book on epistemology. He set to work to apply Riemann’s idea to 
the problem of free will. In the meantime, the quantal description was 
developed, and it took over the role of the Riemann surface. Bohr’s philo- 
sophical ideas were not originally inspired by physics, but the characteris- 
tics of the new theory fitted his philosophy wonderfully well. 

Quantum physics is the temporary climax of a long development which 
started at about the same time that the Greek mathematicians discovered 
that v2 cannot be expressed as a ratio between two integers. The aim of this 
development had been to understand why things in nature possess the 
properties they do. One school of Greek thinkers found the logical core of 
this problem in the concept of atomicity. In other words, nature’s stability 
and specific forms originate from the fact that there is something in nature 
that is indivisible. The Greek atomists assumed that there is a limitation in 
the divisibility of matter, that all matter is built up of immutable particles 
called atoms. 

Around 1900 it was discovered that atomicity in nature is not restricted 
to matter, but that there is in nature another feature of indivisibility —an 
indivisibility of physical processes. Considered from the standpoint of 
ordinary physics, this discovery, like the Greeks’ discovery of a length that 
cannot be measured by ordinary numbers, was a shock. It was soon realized 
that the problem of encompassing indivisible processes was related logically 
to the problem of inexpressible numbers. One saw that just as it had been 
necessary to extend the number concept, it was necessary to extend or 
generalize ordinary physics. This program, embodied in Bohr’s correspon- 
dence argument, was finally carried through in 1925 by the creation of 
quantum mechanics. 


The Danish theologian Soren 
Kierkegaard concluded there to be 
two kinds of truth: objective and 
subjective truth. When the truth ap- 
peared from an objective point of 
view to be paradoxical, it was an in- 
dication, he said, that one should be 
secking a more subjective truth, one 
involving one’s own participation. 
According to this particular strand of 
theological thought, one finds it 
necessary, as in modern physics, to 
take a step back from the objects of 
one’s enquiry — whether they be 
God and Jesus, or light and 
matter — and be content to speak 
only of one’s interactions with those 
objects. As a postscript, it is 
necessary to note that Bohr was an 
avid reader of Kierkegaard. Could it 
be that twentieth-century physics 
owes a modest debt to a nineteenth- 
century theologian’s contemplation 
of a fourth-century Christian creed? 
Russell Stannard, The Times, 
London, 3 December 1983 
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Niels Bohr and his blackboards. Discussions at the 
blackboard were an important part of Bohr’s method of 
working. Clockwise, from upper left: Bohr as a young man 
after giving a lecture on his early quantum theory; lecturing 
at Princeton in 1948; talking about diffraction and 
interference; working on a problem with his son Aage; his 
last blackboard, recording a discussion that took place the 
day before his death. The lower sketch on this last 
blackboard is of the famous photon box that featured in his 
discussion with Einstein; the upper sketch shows a contour 
in the complex plane, used by Bohr to illustrate his 
comparison of ambiguity in language with the mathematics 
of multiform functions displayed on the different planes of a 
Riemann surface. 
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The quantal description, which encompasses individual physical pro- 
cesses, the regularities mainly responsible for nature’s stability and specific 
forms, is thus an extended or generalized mode of description. It contains 
relationships that cannot be formulated within the narrow framework of 
ordinary physics. Quantum physics showed that even the causal mode of 
description is only one very special way of tying together natural phenom- 
ena, and thus lawfulness in nature is not equivalent to mechanical causality. 
We have had to learn that the causal mode of description is a limiting case 
that encompasses only the simplest features of nature. 

By providing a clear physical example of a generalized conceptual frame- 
work, the quantal description supported and sharpened Bohr’s view of 
language. The tenets of this view are particularly visible in his investigation 
of problems concerning the measurability of physical quantities. Basic to 
this investigation is the idea that although physics is an evolutionary enter- 
prise with regard to its data and the algorithms correlating them, the 
account of the handling and functioning of measuring instruments must 
always be expressed in “ordinary plain language suitably supplemented by 
the terminology of classical physics.” In that sense, the language of Newton 
and Maxwell will remain the language of physics. In support of this far- 
reaching idea, Bohr offered the “purely logical argument” that “by the very 
word ‘experiment,’ we refer to a situation where we can tell others what we 
have done and what we have learned.” 

When asked whether the algorithm of quantum mechanics could be 
considered as somehow mirroring an underlying quantum world, Bohr 
would answer, “There is no quantum world. There is only an abstract 
quantum physical description. It is wrong to think that the task of physics is 
to find out how nature is. Physics concerns what we can say about nature.” 
Bohr felt that every step in the development of physics has strengthened the 
view that the problem of establishing an unambiguous description of na- 
ture has only one solution. He regarded all attempts to replace our elemen- 
tary concepts or to introduce a new logic to account for the peculiarities of 
quantum phenomenaas not merely unnecessary but also incompatible with 
our most fundamental conditions, since we are suspended in a unique 
language. “Of course,” he once said jokingly, “it may be that when, in a 
thousand years, the electronic computers begin to talk, they will speak a 
language completely different from ours and lock us all up in asylums 
because they cannot communicate with us. But our problem is not that we 
do not have adequate concepts. What we may lack is a sufficient under- 
standing of the unambiguous applicability of the concepts we have.” 

Quantum physics also throws light on Bohr’s thoughts about the sub- 
ject-object partition. How can the dialectics of introspection come into 
physics? In physics, if anywhere, we keep ourselves, as observers, outside 
descriptions. Quantum physics, however, made us see the significance of a 
feature of physical description that had so far been given little attention. In 
physics one distinguishes between the system investigated and the measur- 
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ing tools used for the investigation. This distinction between system and 
measuring tool lies in the general concept of experiment that so deeply 
characterizes physics. The conditions of observation defined by the experi- 
mental arrangement specify the physical situation in which the observed 
system finds itself. They are therefore essential in making communications 
about the system unambiguous. We can move the partition between mea- 
sured system and measuring tool. For instance, when we observe an object 
in a microscope, we consider the light used to localize the object as a part of 
the measuring tool. But there is nothing to prevent us from making this 
light an object of investigation by introducing new measuring tools to 
define and obtain the information we want about the new system. 

In the language of physics there are various sets of concepts such as space 
and time, and so-called dynamic concepts like momentum and energy. 
Corresponding to these different sets of concepts are different types of 
measuring tools. For example, to determine the position of an object, one 
must use rulers firmly attached together to form a reference frame. On the 
other hand, to measure an object’s momentum one may let it collide with a 
freely movable test body of known mass, and then measure the resultant 
velocity of the test body. 

In classical physics, the measuring tools that correspond to elementary 
physical concepts may, despite their dissimilarity, be used in combination 
to investigate a system. The findings provided by each arrangement simply 
supplement each other, and it is just this combination of dissimilar infor- 
mation that is needed in order to give a causal description of the behavior of 
the system. 

In quantum physics we use the same concepts and thus the same measur- 
ing tools, but here the dissimilarity between the measuring tools becomes 
crucially important. Here we cannot use different types of instruments in 
combination. We cannot combine the information about the system that 
we get from one type of instrument with the information we get from 
another. Therefore, a quantum physical phenomenon is characterized by 
the type of measuring instrument we use. Two phenomena obtained by 
observing the same system with two different types of instruments are 
mutually exclusive. Bohr called this logical relation of exclusion complemen- 
tarity. 

The logic of quantum physics is related to the logic of introspection 
because in both physics and psychology we use the concept of observation. 
Quantum physics illuminates the dialectics of introspection because the 
physicist’s partition between system and measuring tool corresponds 
closely to the epistemologist’s partition between object and subject. The 
description of indivisible processes has taught the quantum physicist how 
to handle his partition. The epistemologist can learn the art from him. Like 
the Riemann surface with its separate sheets, the quantal description with 
its complementarity is a prototype of a logical device for combining experi- 
ences whose definition must include the circumstances under which they 
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were obtained, In all areas where such experiences arise, we meet contrasts 
similar to those in quantum phenomena. But because quantum phenomena 
are so simple, they could point the way to complementarity. 

Guided by the insight into description problems provided by quantum 
physics, Bohr again set out to investigate general epistemological problems 
and paradoxes. As before, these investigations took the form of tracing and 
analyzing logical analogies. It was shown that the conditions of description 
in a variety of fields are structurally similar to those in quantum physics, 
and that the relation of complementarity is suited to eliminate ambiguity in 
the comprehension of experience in these fields. Since some of the areas in 
question are closer to the sphere of common knowledge than are quantum 
phenomena, the logical analogies also served to throw light back on the 
situation in quantum physics. Let us consider a few examples that illustrate 
in a particularly striking way Bohr’s general philosophical views. 

Biology was the first domain outside physics that Bohr considered. He 
had been interested in fundamental biological problems since childhood. 
Like his father, he was especially concerned with the relation between 
physics and biology. With his deep understanding of what physics is, it was 
clear to Bohr that, if there is to be order in nature, the laws of physics cannot 
be broken. All talk about a special “life force,” or the notion that the 
existence of organisms contradicts the principles of thermodynamics, he 
considered experimentally unfounded and epistemologically incorrect. On 
the other hand, he stuck to the view that biology is a topic different from 
physics in principle as well as in practice. Thus, he thought there was a core 
of truth in the vitalist attitude. 

Vitalists have always been confronted with the difficult task of dehning 
precisely the limitation of physics in biological phenomena. Bohr’s philo- 
sophical viewpoint had prepared him for dealing with this task. In quan- 
tum physics he investigated the conditions under which one can employ the 
various elementary physical concepts meaningfully. Here the problem is to 
inquire into the conditions for doing physics. In order to see how there can 
be room for natural phenomena that are not fully describable in physical 
terms, we must specify what it is we do when we do physics. 

In science one tries, whenever possible, to obtain knowledge through 
experiments. Part of the art of experimentation consists in being able 
precisely to define and to control the experimental conditions. Physics is a 
science where experience can be gained under conditions that in principle 
can be specified precisely and controlled completely. That is why the laws of 
physics are precise, or exact. The statement that physics is concerned with a 
world governed by exact laws is only one side of the story. Physics is 
concerned just as much with an experimenter who can carry his individual 
experiments to an arbitrary degree of precision. It is the freedom of the 
experimenter to choose and control the experimental conditions that per- 
mits the physical description to be stringent and complete. 

Bohr’s idea was that biological phenomena occur under conditions in 


Complementarity 1s no system, no 
doctrine with ready-made precepts. 
There is no via regia to it: no formal 
dehnition of it can even be found in 
Bohr'’s writings, and this worries 
many people. The French are 
shocked by this breach of the Carte- 
sian rules: they blame Bohr for 
indulging in “clair-obscur” and 
shrouding himself in “les brumes du 
Nord.” The Germans in their 
thoroughness have been at work 
distinguishing several forms of com- 
plementarity and studying in 
hundreds of pages their relations to 
Kant. Pragmatic Americans have 
dissected complementarity with the 
scalpel of symbolic logic and 
undertaken to define this gentle art 
of the correct use of words without 
any words at all. 

Léon Rosenfeld, “Niels Bohr’s 
Contribution to Epistemology,” 1963 
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which physical concepts can be applied to a certain extent, but that, if the 
phenomenon is to remain biological, the conditions cannot be controlled in 
the detail necessary to make the physical description complete. Just as an 
atom displays chemical properties only under conditions that exclude in- 
vestigation of the position of its electrons, the phenomena of life occur only 
under conditions that exclude an exhaustive analysis of the single atoms in 
the organism. To carry through such an analysis, we would have to use 
experimental tools that would kill the organism, and we would no longer 
be dealing with a biological situation or a biological phenomenon. Thus, 
the experimenter in biology does not have the same possibilities of defini- 
tion and control as in physics. Organisms, Bohr said, are not the results of 
experiments we perform ourselves. Rather, they have to be considered as 
results of nature’s own experiments — if we can talk about experiments ina 
situation where no tools are used. 

In principle, we cannot determine the physical state of a living organism. 
Hence, the word “life” refers not to a special quality or force that may 
permeate some physical systems, but rather, like “quantum of action,” to a 
relationship of exclusion between conditions of observation or between the 
conceptual tools these conditions define. Thus, physical concepts are not 
sufficient to describe biological regularities. In order to obtain an adequate 
description of biological regularities, we must also use words that do not 
belong to physics, words like “purpose,” “self-preservation,” and “self-ad- 
aptation,” which refer to the organism as a whole. The approach that uses 
these concepts, the vitalist (or finalist) approach, is complementary to the 
mechanistic approach. 

I must confess that this attitude to fundamental problems in biology has 
never become completely clear to me. The crucial question is, of course, 
what we may understand by “typically biological conditions of observa- 
tion” and the corresponding “typically biological concepts.” 

The instinctive behavior of animals is another example of how possibili- 
ties in nature can be used to preserve and reproduce life. Bohr was very 
interested in the wonders of instinct, and his view on the relationship 
between instinctive behavior and conscious thinking illuminates his gen- 
eral attitude in a particularly striking way. One of his favorite examples was 
the salmon’s fantastic pathfinding ability. A salmon is born in a lake in the 
mountains. When some months old, it swims down brooks and rivers to 
the ocean, where it lives until the time comes for it to reproduce, and then it 
begins the long journey back. It jumps with unbelievable force over water- 
falls, and even though the streams and brooks divide many times, it can still 
find its way back to the pool in which it was born. 

How can it do that? To those who say, “It must have a sixth sense!” Bohr 
would reply, “It is easy enough to count from five to six, but it is not so easy 
to say what the physical basis for the functioning of such a sixth sense 
would be.” Bohr thought that the salmon can do it because it does not know 
how it does it. It has only one task to perform, and it does not solve it by 
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selecting among alternatives. The salmon is not in the same situation as 
someone who decides to buy something in a certain shop in a certain street. 
That person could have decided to buy something else in another shop 
somewhere else. The salmon is not confronted with alternatives: it makes 
no choices. It has not, so to speak, divided up the world. To Bohr, it was the 
fact that we have divided up the world, that we communicate with each 
other by means of concepts, that separates us from animals. It is primarily 
the ability to think in concepts, or the possession of a language, that makes 
us human beings. Bohr even suggested that the adjective “human” should 
be reserved for only those characteristics not directly connected with ge- 
netic inheritance. As long as a child has not yet learned to use concepts, it 
cannot, strictly speaking, be regarded as a human being. Yet, of course, it is 
fundamentally different from animals because it possesses the organic 
possibilities of receiving through education a culture that will enable it 
eventually to take its place in some human society. 

A child does not become a human being until it has learned to talk. It can 
support a culture not only because its physiological background is sufh- 
ciently complex, but also because it possesses a means of communication 
through which a culture can be implanted. I think it was Bohr’s opinion 
that if any other animal were to possess the anatomical apparatus for 
talking and thus the ability to receive a culture, it would not be possible 
beforehand to set limits for the extent to which culture could be supported 
by its physiological background. As he said, “The latent possibilities in any 
living organism are not easily fathomed.” He did not think that there is any 
connection between a man’s genes and his so-called spiritual faculties such 
as intelligence and morality or, in general, between his biological makeup 
and his capacity to acquire a culture. Bohr thought that cultures were like 
flowers in a field. The same field could have grown another sort of flower, 
and the same flower could have grown in another field. The variability of 
cultures indicates the numerous possibilities for social life. In the relations 
between cultures as well as in the relations between the individual and 
society, he found new complementary features. 

By dividing up the world, we suppress our inherited instinctive behavior. 
But in return, we call into play a new kind of behavior based on conceptual 
communication. Ordinary language is a perfectly adequate tool to describe 
our conscious life. Bohr pointed out that, while the causal mode of de- 
scription was indispensable as a starting point for the ordering of physical 
phenomena, the conceptual framework in which we communicate our 
states of mind has been since the origin of language a complementary mode 
of description. He liked to compare the relation between situations in 
which we express thoughts and those in which we express feelings with that 
obtaining between quantum phenomena described by space-time coordi- 
nation and conservation laws, respectively. The richness and contrasts of 
quantum phenomena and psychological experiences are due to the fact that 
they are sensitive to the placing of the partitions between system and 


I remember especially how, at my 
last stay with [Rutherford] a few 
weeks before his death, he was fasci- 
nated by the complementary 
approach to biological and social 
problems and how eagerly he 
discussed the possibility of obtaining 
experimental evidence on the origin 
of national traditions and prejudices 
by such unconventional procedures 
as the interchange of newborn 
children between nations. 
Niels Bohr, 
Rutherford Memorial Lecture, 1958 
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instrument, and between conscious content and “the background that we 
loosely refer to as ‘ourselves.’” Only two sets of concepts are used to account 
for quantum phenomena, whereas a personal pronoun may be connected 
with a multitude of verbs referring to different contents of consciousness. 

Bohr’s general attitude was epistemologically oriented to an unusual 
degree. For him, the primary task was to obtain a survey of our situation 
based on objective description. Yet he did not want to exclude any side of 
existence, and he felt that from the viewpoint of complementarity one 
could understand that there is room for all features of our situation. Art 
shows us harmonies beyond the scope of objective description. Bohr con- 
sidered poetry, painting, and music to be means of expression where a freer 
and freer display of fantasy is made possible by a greater and greater relax- 
ation of definition. An object formed by nature and not by a human hand 
cannot be called a work of art, since art is a human activity. 

Bohr wanted to understand existence through insight into the conditions 
of human life. It is by understanding our conditions that we can overcome 
disharmony. It was Buddha’s insight into man’s situation which gave him 
the ability to console others. Bohr was an optimist. “Nobody can deny,” he 
said, “that we have a feeling of being able to make the best of circum- 
stances.” His view of life is beautifully illustrated by a little story he liked 
very much. Three philosophers came together to taste vinegar, the Chinese 
symbol for the spirit of life. First Confucius drank of it. “It is sour,” he said. 
Next, Buddha pronounced the vinegar bitter. Then Lao-tze tasted it and 
exclaimed, “It is fresh!”? 


Light and Life 


In August 1932 Bohr gave an address with the above title at the opening 
meeting of the International Congress on Light Therapy in Copenha- 
gen.’ His theme was to explore the extent to which the principles of 
quantum physics could explain the phenomenon of life. At the time, he 
considered that there were limitations to this possibility, related in basic 
ways to his ideas of complementarity, and these limitations are discussed at 
length in the body of the address. 

Thirty years later, at the inauguration of the new Institute of Genetics at 
the University of Cologne (directed by Bohr’s longtime friend and col- 
league Max Delbriick), ina lecture entitled “Light and Life Revisited” Bohr 
reexamined what he had called in his earlier lecture “the impossibility of a 
physical or chemical explanation of the peculiar functions characteristic of 
life.”* Influenced perhaps by the developments in molecular biology in the 
intervening decades, Bohr modified his earlier position and expressed the 
now generally accepted view that there is not “any limitation in the appli- 
cation to biology of the well-established principles of atomic physics.” It 
was Bohr’s last major address; he died less than six months later. 

Below is reprinted almost the full text of the 1932 lecture, followed by 
the brief passage in his 1962 address in which he states his revised opinion 
on these matters. 

A.P.F. 


as 


As a physicist whose studies are limited to the properties of inanimate 
bodies, it is not without hesitation that I have accepted the kind invitation 
to address this assembly of scientists met together to forward our knowl- 
edge of the beneficial effects of light in the cure of diseases. Unable as I am 
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to contribute to this beautiful branch of science that is so important for the 
welfare of mankind, I could at most comment on the purely inorganic light 
phenomena which have exerted a special attraction on physicists through- 
out the ages, not least owing to the fact that light is our principal tool of 
observation. I have thought, however, that on this occasion it might per- 
haps be of interest in such a comment to enter on the problem of how far the 
results reached in the more limited domain of physics may influence our 
views as regards the position of living organisms within the general edifice 
of natural science. Notwithstanding the subtle character of the riddles of 
life, this problem has presented itself at every stage of science, the very 
essence of scientific explanation being the analysis of more complex phe- 
nomena into simpler ones. At the moment it is the essential limitation of 
the mechanical description of natural phenomena revealed by the recent 
development of atomic theory which has lent new interest to the old 
problem. This development originated just in the closer study of the inter- 
action between light and material bodies, which presents features that 
defeat certain demands hitherto considered as indispensable in a physical 
explanation. As I shall endeavor to show, the efforts of physicists to master 
this situation resemble in some way the attitude toward the aspects of life 
always taken more or less intuitively by biologists. Still, I wish to stress at 
once that it is only in this formal respect that light, which is perhaps the 
least complex of all physical phenomena, exhibits an analogy to life which 
shows a diversity beyond the grasp of scientific analysis. 

From a physical standpoint, light may be defined as transmission of 
energy between material bodies at a distance. As is well known, such effects 
find a simple explanation within the electromagnetic theory, which may be 
regarded as a rational extension of classical mechanics suited to alleviate the 
contrast between action at a distance and at contact. According to this 
theory, light is described as coupled electric and magnetic oscillations 
differing from ordinary electromagnetic waves of radio transmission only 
by the greater frequency of vibration and the smaller wavelength. In fact, 
the practically rectilinear propagation of light, on which rests the location 
of bodies by direct vision or by suitable optical instruments, depends en- 
tirely on the smallness of the wavelength compared with the dimensions of 
the bodies concerned and of the instruments. At the same time, the wave 
character of light propagation not only forms the basis for our account of 
color phenomena, which in spectroscopy have yielded such important 
information on the constitution of material bodies, but is also essential for 
every refined analysis of optical phenomena. As a typical example, I need 
only mention the interference patterns which appear when light from one 
source can travel to a screen along two different paths. Here we find that the 
effects which would be produced by the separate light beams are strength- 
ened at such points of the screen where the phases of the two wave-trains 
coincide, that is, where the electric and magnetic oscillations in the two 
beams have the same directions, while the effects are weakened and may 


even disappear at points where these oscillations have opposite directions 
and where the wave-trains are said to be out of phase with one another. 
These interference patterns offer so thorough a test of the wave picture of 
light propagation that this picture cannot be considered as a hypothesis in 
the usual sense of this word, but may rather be regarded as the adequate 
account of the phenomena observed. 

Still, as you all know, the problem of the nature of light has been 
subjected to renewed discussion in recent years, on account of the discovery 
of an essential feature of atomicity in the mechanism of energy transmis- 
sion, which is quite unintelligible from the point of view of the electromag- 
netic theory. In fact, any energy transfer by light can be traced down to 
individual processes in each of which a so-called light quantum is ex- 
changed whose energy is equal to the product of the frequency of the 
electromagnetic oscillations and the universal quantum of action, or 
Planck’s constant. The obvious contrast between this atomicity of the light 
effect and the continuity of the energy transfer in the electromagnetic 
theory presents us with a dilemma of a character hitherto unknown in 
physics. Thus, in spite of its obvious insufficiency, there can be no question 
of replacing the wave picture of light propagation by some other picture 
leaning on ordinary mechanical ideas. Especially, it should be emphasized 
that light quanta cannot be regarded as particles to which a well-defined 
path in the sense of ordinary mechanics can be ascribed. Just as an interfer- 
ence pattern would completely disappear if, in order to make sure that the 
light energy traveled only along one of the two paths between the source 
and the screen, we would stop one of the beams by a nontransparent body, 
so is it impossible in any phenomenon for which the wave constitution of 
light is essential to trace the path of the individual light quanta without 
essentially disturbing the phenomenon under investigation. Indeed, the 
spatial continuity of our picture of light propagation and the atomicity of 
the light effects are complementary aspects in the sense that they account 
for equally important features of the light phenomena which can never be 
brought into direct contradiction with one another, since their closer analy- 
sis in mechanical terms demands mutually exclusive experimental arrange- 
ments. At the same time, this very situation forces us to renounce a com- 
plete causal account of the light phenomena and to be content with 
probability laws based on the fact that the electromagnetic description of 
energy transfer remains valid in a statistical sense. This forms a typical 
application of the so-called correspondence argument, which expresses the 
endeavor of utilizing to the utmost extent the concepts of the classical 
theories of mechanics and electrodynamics, in spite of the contrast between 
these theories and the quantum of action. 

At first, this situation may appear very uncomfortable, but, as has often 
happened in science when new discoveries have led to the recognition of an 
essential limitation of concepts hitherto considered as indispensable, we are 
rewarded by getting a wider view and a greater power to correlate phenom- 
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The recollection came to my mind 
of an afternoon in March 1931 when 
in a brilliant improvisation Bohr, put 
on the subject by Delbriick, 
rediscovered at the blackboard the 
explanation of the stability of 
Saturn’s rings which Maxwell had 
given in his classic paper. Thrilled by 
the simplicity of the solution, he 
feelingly expressed his admiration for 
nature’s workings on the cosmic 
scale. Then he added, with a twinkle 
in his eye: “The stability of atoms is 
also wonderful.” 

Léon Rosenfeld 

On the Constitution of Atoms and 
Molecules, 1963 
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ena which before might even have appeared as contradictory. Indeed, the 
limitation of classical mechanics symbolized by the quantum of action has 
offered a clue to our understanding of the intrinsic stability of atoms on 
which the mechanical description of natural phenomena is essentially 
based. Of course, it has always been a fundamental feature of the atomic 
theory that the indivisibility of atoms cannot be understood in mechanical 
terms, and this situation remained practically unchanged even after the 
indivisibility of atoms was replaced by that of the elementary electric 
particles, electrons and protons, of which atoms and molecules are built up. 
What I am referring to is not the problem of the intrinsic stability of these 
elementary particles but that of the atomic structures composed of them. If 
we attack this problem from the point of view of mechanics or of electro- 
magnetic theory, we find no sufficient basis on which to account for the 
specific properties of the elements and not even for the existence of rigid 
bodies on which all measurements used for ordering phenomena in space 
and time ultimately rest. These difficulties are now overcome by the recog- 
nition that any well-defined change in an atom is an individual process 
consisting in a complete transition of the atom from one of its so-called 
stationary states to another. Moreover, since just one light quantum is 
exchanged in a transition process by which light is emitted or absorbed by 
an atom, we are able by means of spectroscopic observations to measure 
directly the energy of each of these stationary states. The information thus 
derived has also been most instructively corroborated by the study of the 
energy exchanges which take place in atomic collisions and in chemical 
reactions. 

In recent years a remarkable development of atomic mechanics along the 
lines of the correspondence argument has taken place, affording us proper 
methods of calculating the energies of the stationary states of atoms and the 
probabilities of transition processes, thus making our account of atomic 
properties as comprehensive as the coordination of astronomical experi- 
ence by Newtonian mechanics. Notwithstanding the greater complexity of 
the general problems of atomic mechanics, the lesson taught us by the 
analysis of the simpler light effects has been most important for this devel- 
opment. Thus, the unambiguous use of the concept of stationary states 
stands in a similar relation of complementarity to a mechanical analysis of 
intra-atomic motions as do light quanta to the electromagnetic theory of 
radiation. Indeed, any attempt to trace the detailed course of a transition 
process would involve an uncontrollable exchange of energy between the 
atom and the measuring instruments, which would completely disturb the 
very energy balance we set out to investigate. The causal mechanical coor- 
dination of experience can be accomplished only in cases where the action 
involved is large compared with the quantum and where, therefore, a 
subdivision of the phenomena is possible. If this condition is not fulfilled, 
the action of the measuring instruments on the object under investigation 
cannot be disregarded and will entail a mutual exclusion of the various 


kinds of information required for a complete mechanical description of the 
usual type. This apparent incompleteness of the mechanical analysis of 
atomic phenomena issues ultimately from the ignorance of the reaction of 
the object on the measuring instruments inherent in any measurement. Just 
as the general concept of relativity expresses the essential dependence of any 
phenomenon on the frame of reference used for its coordination in space 
and time, the notion of complementarity serves to symbolize the funda- 
mental limitation, met with in atomic physics, of the objective existence of 
phenomena independent of the means of their observation. 

This revision of the foundations of mechanics, extending to the very idea 
of physical explanation, not only is essential for the full appreciation of the 
situation in atomic theory but also creates a new background for the 
discussion of the problems of life in their relation to physics. In no way does 
this mean that in atomic phenomena we meet with features which show a 
closer resemblance to the properties of living organisms than do ordinary 
physical effects. At first sight, the essentially statistical character of atomic 
mechanics might even seem to conflict with the marvelously refined orga- 
nization of living beings. We must keep in mind, however, that just this 
complementary mode of description leaves room for regularities in atomic 
processes foreign to mechanics but as essential for our account of the 
behavior of living organisms as for the explanation of the specific proper- 
ties of inorganic matter. Thus, in the carbon assimilation of plants, on 
which so largely depends also the nourishment of animals, we are dealing 
with a phenomenon for the understanding of which the individuality of 
photochemical processes is clearly essential. Likewise, the nonmechanical 
stability of atomic structures is markedly exhibited in the characteristic 
properties of such highly complicated chemical combinations as chloro- 
phyll or hemoglobin, which play a fundamental part in the mechanism of 
plant assimilation and animal respiration. Still, analogies from ordinary 
chemical experience, like the ancient comparison of life with fire, will of 
course yield no more satisfactory explanation of living organisms than will 
their resemblance with such purely mechanical contrivances as a clock- 
work. Indeed, the essential characteristics of living beings must be sought 
in a peculiar organization in which features that may be analyzed by usual 
mechanics are interwoven with typically atomistic features to an extent 
unparalleled in inanimate matter. 

An instructive illustration of the degree to which this organization is 
developed is exhibited by the construction and function of the eye, for the 
exploration of which the simplicity of light phenomena has again been 
most helpful. I need not here go into details but shall just remind you how 
ophthalmology has revealed to us the ideal properties of the human eye as 
an optical instrument. Indeed, the limit imposed on the image formation 
by the unavoidable interference effects coincides practically with the size of 
such partitions of the retina, which have separate nervous connection with 
the brain. Moreover, since the absorption of a single light quantum by each 
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impact of science is probably 


determined. If a sufficient number of 


semi-intelligent people (like 
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were bound to occur. Bohr’s idea of 
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of these retinal partitions is sufhcient for a sight impression, the sensitive- 
ness of the eye may be said to have reached the limit set by the atomic 
character of the light processes. The efficiency of the eye in both of these 
respects is actually the same as that obtained in a good telescope or micro- 
scope connected with a suitable amplifier so as to make the individual 
processes observable. It is true that it is possible by such instruments to 
essentially increase our powers of observation, but, due to the limits im- 
posed by the fundamental properties of the light phenomena, no instru- 
ment is imaginable which is more efficient for its purpose than the eye. 
Now, this ideal refinement of the eye, recognized through the recent devel- 
opment of physics, suggests that also other organs, whether they serve for 
the reception of information from the surroundings or for the reaction to 
sense impressions, will exhibit a similar adaptation to their purpose, and 
that also here the feature of individuality symbolized by the quantum of 
action is of decisive importance in connection with some amplifying 
mechanism. That it has been possible to trace this limit in the eye but not, 
so far, in any other organ is due simply to the extreme simplicity of the light 
phenomena to which we have referred before. 

The recognition of the essential importance of atomistic features in the 
mechanism of living organisms is in no way sufficient, however, for a 
comprehensive explanation of biological phenomena. The question at issue, 
therefore, is whether some fundamental traits are still missing in the analy- 
sis of natural phenomena before we can reach an understanding of life on 
the basis of physical experience. Notwithstanding the fact that the multi- 
farious biological phenomena are practically inexhaustible, an answer to 
this question can hardly be given without an examination of the meaning 
to be given to physical explanation still more penetrating than that to which 
the discovery of the quantum of action has already forced us. On the one 
hand, the wonderful features which are constantly revealed in physiological 
investigations and which differ so markedly from what is known of inor- 
ganic matter have led biologists to the belief that no proper understanding 
of the essential aspects of life is possible in purely physical terms. On the 
other hand, the view known as vitalism can hardly be given an unambigu- 
ous expression by the assumption that a peculiar vital force, unknown to 
physics, governs all organic life. Indeed, I think we all agree with Newton 
that the ultimate basis of science is the expectation that nature will exhibit 
the same effects under the same conditions. If, therefore, we were able to 
push the analysis of the mechanism of living organisms as far as that of 
atomic phenomena, we should not expect to find any features foreign to 
inorganic matter. In this dilemma it must be kept in mind, however, that 
the conditions in biological and physical research are not directly compara- 
ble, since the necessity of keeping the object of investigation alive imposes a 
restriction of the former which finds no counterpart in the latter. Thus, we 
should doubtless kill an animal if we tried to carry the investigation of its 
organs so far that we could tell the part played by the single atoms in vital 


functions. In every experiment on living organisms there must remain 
some uncertainty as regards the physical conditions to which they are 
subjected, and the idea suggests itself that the minimal freedom we must 
allow the organism will be just large enough to permit it, so to say, to hide 
its ultimate secrets from us. On this view, the very existence of life must in 
biology be considered as an elementary fact, just as in atomic physics the 
existence of the quantum of action has to be taken as a basic fact that cannot 
be derived from ordinary mechanical physics. Indeed, the essential nonan- 
alyzability of atomic stability in mechanical terms presents a close analogy 
to the impossibility of a physical or chemical explanation of the peculiar 
functions characteristic of life. 

In tracing this analogy, however, we must remember that the problems 
present essentially different aspects in atomic physics and in biology. While 
in the former field we are primarily interested in the behavior of matter in 
its simplest forms, the complexity of the material systems with which we 
are concerned in biology is of a fundamental nature, since even the most 
primitive organisms contain large numbers of atoms. It is true that the wide 
feld of application of ordinary mechanics, including our account of the 
measuring instruments used in atomic physics, rests just on the possibility 
of largely disregarding the complementarity of the description entailed by 
the quantum of action in cases where we are dealing with bodies contain- 
ing a great number of atoms. Notwithstanding the essential importance of 
the atomistic features, it is typical of biological research, however, that we 
can never control the external conditions to which any separate atom is 
subjected to the extent possible in the fundamental experiments of atomic 
physics. In fact, we cannot even tell which particular atoms really belong to 
a living organism, since any vital function is accompanied by an exchange 
of material through which atoms are constantly taken up into and expelled 
from the organization which constitutes the living being. Indeed, this 
exchange of matter extends to all parts of a living organism to a degree 
which prevents a sharp distinction on an atomic scale between those fea- 
tures of its mechanism which can be unambiguously accounted for on usual 
mechanics and those for which a regard of the quantum of action is decisive. 
This fundamental difference between physical and biological research im- 
plies that no well-defined limit can be drawn for the applicability of 
physical ideas to the problems of life which corresponds to the distinction 
between the field of causal mechanical description and proper quantum 
phenomena in atomic mechanics. This apparent limitation of the analogy 
in question is rooted in the very definitions of the words “life” and “me- 
chanics,” which are ultimately a matter of convenience. On the one hand, 
the question of a limitation of physics in biology would lose any meaning 
if, instead of distinguishing between living organisms and inanimate 
bodies, we extended the idea of life to all natural phenomena. On the other 
hand, if, in accordance with common language, we were to reserve the 
word “mechanics” for the unambiguous causal description of natural phe- 
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nomena, such a term as “atomic mechanics” would become meaningless. I 
shall not enter further into such purely terminological points but only add 
that the essence of the analogy being considered is the obvious exclusiveness 
between such typical aspects of life as the self-preservation and the self- 
generation of individuals, on the one hand, and the subdivision necessary 
for any physical analysis, on the other hand. Owing to this essential feature 
of complementarity, the concept of purpose, which is foreign to mechani- 
cal analysis, finds a certain field of application in biology. Indeed, in this 
sense teleological argumentation may be regarded as a legitimate feature of 
physiological description which takes due regard of the characteristics of 
life in a way analogous to the recognition of the quantum of action in the 
correspondence argument of atomic physics. 

In discussing the applicability of purely physical ideas to living orga- 
nisms we have, of course, treated life just as any other phenomenon of the 
material world. I need hardly emphasize, however, that this attitude, which 
is characteristic of biological research, involves no disregard of the psycho- 
logical aspect of life. On the contrary, the recognition of the limitation of 
mechanical concepts in atomic physics would rather seem suited to concili- 
ate the apparently contrasting viewpoints of physiology and psychology. 
Indeed, the necessity of considering the interaction between the measuring 
instruments and the object under investigation in atomic mechanics ex- 
hibits a close analogy to the peculiar difficulties in psychological analysis 
arising from the fact that the mental content is invariably altered when the 
attention is concentrated on any special feature of it. It will carry us too far 
from our subject to enlarge upon this analogy which offers an essential 
clarification of the psychophysical parallelism. However, I should like to 
emphasize that considerations of the kind here mentioned are entirely 
opposed to any attempt at seeking new possibilities for a spiritual influence 
on the behavior of matter in the statistical description of atomic phenom- 
ena. For instance, it is impossible, from our standpoint, to attach an unam- 
biguous meaning to the view sometimes expressed that the probability of 
the occurrence of certain atomic processes in the body might be under the 
direct influence of the will. In fact, according to the generalized interpre- 
tation of the psychophysical parallelism, the freedom of the will is to be 
considered as a feature of conscious life which corresponds to functions of 
the organism that not only evade a causal mechanical description but resist 
even a physical analysis carried to the extent required for an unambiguous 
application of the statistical laws of atomic mechanics. Without entering 
into metaphysical speculations, I may perhaps add that an analysis of the 
very concept of explanation would, naturally, begin and end with a renun- 
ciation as to explaining our own conscious activity. 

In conclusion, I need hardly emphasize that with none of my remarks 
have I intended to express any kind of skepticism as to the future develop- 
ment of physical and biological sciences. Such skepticism would, indeed, be 
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tion of the limited character of our most fundamental concepts has resulted 
in such a remarkable development of our science. Nor has the renunciation 
of an explanation of life impeded the wonderful progress which has taken 
place in all branches of biology, including those which have proved so 
beneficial in the art of medicine. 


[In his 1962 address, Bohr returned to what for him was the central question. After a 
passage in which he discussed the application of basic thermodynamic principles to 
biological systems, he said:] 


Notwithstanding such general considerations, it appeared for a long time 
that the regulatory functions in living organisms, disclosed especially by 
studies of cell physiology and embryology, exhibited a fineness so unfamil- 
iar to ordinary physical and chemical experience as to point to the existence 
of fundamental biological laws without counterpart in the properties of 
inanimate matter studied under simple reproducible experimental condi- 
tions. Stressing the difficulties of keeping the organisms alive under condi- 
tions which aim at a full atomic account I therefore suggested that the very 
existence of life might be taken as a basic fact in biology in the same sense as 
the quantum of action has to be regarded in atomic physics as a fundamen- 
tal element irreducible to classical physical concepts. 

In reconsidering the conjecture from our present standpoint, it must be 
kept in mind that the task of biology cannot be that of accounting for the 
fate of each of the innumerable atoms permanently or temporarily included 
in a living organism. In the study of regulatory biological mechanisms the 
situation is rather that no sharp distinction can be made between the 
detailed construction of these mechanisms and the functions they fulfil in 
upholding the life of the whole organism. Indeed, many terms used in 
practical physiology reflect a procedure of research in which, starting from 
the recognition of the functional role of the parts of the organism, one aims 
at a physical and chemical account of their finer structures and of the 
processes in which they are involved. Surely, as long as for practical or 
epistemological reasons one speaks of life, such teleological terms will be 
used in complementing the terminology of molecular biology. This cir- 
cumstance, however, does not in itself imply any limitation in the applica- 
tion to biology of the well-established principles of atomic physics. 

In the last resort, it is a matter of how one makes headway in biology. I 
think that the feeling of wonder which physicists had thirty years ago has 
taken a new turn. Life will always be a wonder, but what changes is the 
balance between the feeling of wonder and the courage to understand. 
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R. V. Jones, who described his meet- 
ings with Bohr in Part V of this vol- 
ume, here discusses some social and 
human applications of Bohr’s ideas of 
complementarity. 
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Physicists have had many successes through recognizing analogies between 
phenomena in new fields of experience and those in the well-beaten fields 
which have yielded to experience and thought in the past. Niels Bohr’s 
model of the atom as a miniature solar system, and his model of the nucleus 
as a liquid drop, are outstanding successful examples; and with such suc- 
cesses in mind it is tempting to contemplate whether there could be even 
broader analogies between the phenomena of physics and those of human 
society. 

Heisenberg’s formulation of the uncertainty relation early in 1927 crys- 
tallized in Bohr’s mind some thoughts on the association of wave and 
particle properties that he had been entertaining for some time. And Bohr 
first used the term “complementary” to describe these properties in a 
lecture at the momentous conference in Como in September 1927. Bohr 
had been much interested in William James’s The Principles of Psychology 
(1884), and one of his earliest papers (1929) on complementarity draws a 
psychological analogy: “The necessity of taking recourse to a complemen- 
tary, or reciprocal, mode of description is perhaps familiar to us from 
psychological problems.”! And Max Jammer could well be right in sug- 
gesting that Bohr was inspired by another passage from James: “In certain 
persons the total consciousness may be split into two parts which coexist 
but mutually ignore each other, and share the objects of knowledge be- 
tween them. More remarkable still, they are complementary.”* Following 
Bohr, most physicists have grown accustomed to having to accept the 
reconciliation of seemingly irreconcilable concepts, to think constructively 
forward from the reconciliation, and to regard it as a recognition of the 


ultimately inevitable breakdown of any single model based on earlier expe- 
rience. 


Complementarity as a Way of Life 





It is interesting that Bohr, such a master of analogies and models, should 
have come to the concept of complementarity by an analogy with psychol- 
ogy. In turn, we may ask whether, reciprocally, complementarity can be 
applied analogically to other human problems. Bohr himself saw an anal- 
ogy in the development of thought: “In particular, the apparent contrast 
between the continuous onward flow of associative thinking and the pres- 
ervation of the unity of the personality exhibits a suggestive analogy with 
the relation between the wave description of the motions of material parti- 
cles, governed by the superposition principle, and their indestructible indi- 
viduality.”? 

Early in the eighteenth century a philosophical statesman, the Marquess 
of Halifax, had seen a duality in the object of constitutional law to keep the 
balance “between the excess of unbounded power and the extravagance of 
liberty not enough restrained” (The Character of a Trimmer, 1717). This has 
something in common with the Golden Mean of Aristotle, who argued 
that any virtue was the mean of two vices— for example, bravery is the 
mean between rashness and cowardice. Hegel went further: “Every truth, 
every reality, is the unification of two contradictory elements or partial 
aspects which are not merely contrary like black and white but contradic- 
tory, like same and different.” And this had a great influence on Marx, 
who, in the preface to the second edition of Das Kapital, claimed to out- 
Hegel Hegel: “In Hegel’s writings, dialectic stands on its head . . . My 
own dialectical method is not only fundamentally different from the He- 
gelian method, but is its direct opposite.” 

One of Hegel’s points was that quantity and quality, seemingly distinct, 
are related to the extent that a change in quantity may produce a change of 
quality. (Coal, for example, which can be ignited only with some difficulty 
when in large lumps, becomes a dangerous explosive when in the form of 
dust, largely because of the changed ratio of surface area to volume.) And 
Marx’s colleague Engels, when pursuing Hegel’s argument, cited a vivid 
point made by Napoleon concerning his military actions against the 
Mameluke horsemen in Egypt. Individually they were so good, Napoleon 
said, that two Mamelukes could overcome three of his cavalrymen — but a 
force of a thousand cavalrymen could defeat fifteen hundred Mamelukes. 
The qualitative outcome of an action, victory or defeat, could therefore 
depend merely on a change of quantity, or scale. On the small scale, 
individual horsemanship was the key factor; on the large, it was the disci- 
plined application of force at the right place and time. Both factors were 
present on both scales, but the balance between them changed. Once again, 
we are concerned with the complementary nature of individual and com- 
munity behavior. 

My own contact with the military field leads me to point to other 
analogies with complementarity, many of which apply not only to military 
matters but to community affairs generally. Obedience, for example, is a 
civil virtue as well as a military one; but even in the military field, is it 


Bohr was always as eager to learn as 
to teach, however, and when much 
later, some time in the early thirties, 
his old friend the psychologist Rubin 
called his attention to William 
James's Principles of Psychology, he 
joyfully recognized in this great 
book a general attitude akin to his 
own: he was particularly enthusiastic 
about James's brilliant description of 
the stream of consciousness. 
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always the best course? Sometimes the man on the spot is the first to be 
aware of some change in the situation from that which his commander 
expected. Should he therefore disobey his orders and act as he thinks best? 
This possibility was at one time recognized in the old Austrian army, where 
an officer who had been vindicated by success when he had disobeyed 
orders on the battlefield could be awarded the Order of Maria Teresa — but 
the penalty for failure was to be shot. 

Finding the best balance between obedience and initiative is rarely an 
easy problem, but it is only one of several of its kind that are likely to be 
encountered in any command structure, military or civil. One of these 
concerns the balance between tradition and innovation. There have been 
many military actions where regimental tradition has caused men to hold 
out in the face of frightening odds, and many others where armies have 
been defeated because they were slow to modernize their weapons and 
methods. This is also true of states: Japan, for example, advanced spectacu- 
larly through adopting Western methods and technology, both civil and 
military, whereas ancient China, with a state brilliantly run for many 
centuries by an outstanding civil service full of traditional wisdom, and 
with a nationwide respect for authority, could not stand up against Western 
military technology until Mao’s revolution. The Western advance had 
been largely a result of the challenge to authority in the fifteenth and 
sixteenth centuries typified by the Protestant movement. 

Yet too much protest and individualism can result in anarchy, and it has 
been a fortunate thing for science that we have on the whole struck a 
successful balance. No worker in science, however eminent, is above chal- 
lenge not only from his accepted peers but also from his juniors, when he 
makes a statement in science; but we can have reasonably ordered laborato- 
ries only if there is some degree of authority in their running. 

Again, the running of an organization requires a degree of balance 
between individual and committee rule. Sometimes it is best that one form 
of rule predominate; sometimes, the other. Committees tend to act at the 
rate of their most timorous members, particularly when a danger has to be 
faced; at other times they may talk themselves into an unrealistic view- 
point, much as a crowd can mutually interact to produce crazy behavior 
that may be no more harmful than a fiesta but which may be as dangerous 
as a riot. In the military field the choice often comes down to accepting 
either a single commander or a council of war, and much has been said in 
favor of both. A council of war very nearly stopped the Greeks from 
fighting the decisive battle of Marathon; Frederick the Great would not 
allow his commanders to hold councils of war because he believed that 
these encouraged indecision; and General Robert Clive said that “he had 
never called but one council of war, and that, if he had taken the advice of 
that council, the British would never have been masters of Bengal.” Of 
course, what we do not know is how many disastrous battles have been 
avoided through good advice given by councils of war. One, at least, 
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Poltava, was lost by Charles XII of Sweden fighting deep in Russia against 
the advice of his senior officers. 

One of the most fascinating balances of all that has to be struck between 
conflicting factors in command concerns the extent to which the com- 
mander or leader should involve himself in “front-line” or “sharp-end” 
action. This was a problem that repeatedly dogged Winston Churchill, 
whose inclination was always toward front-line involvement. For example, 
he had seen the reluctance of the British admirals in 1917 to introduce the 
convoy system, of which he wrote, “The firmly inculcated doctrine that an 
Admiral’s opinion was more likely to be right than a Captain’s, and a 
Captain’s than a Commander's, did not hold good when questions entirely 
novel in character, requiring keen and bold minds unhampered by long 
routine, were under debate.” So when new conditions of warfare had to be 
faced, it was important for the high command to draw on the up-to-the 
moment experience of the men directly confronting the enemy. And there 
was danger that this experience might be attenuated if it was transmitted up 
the normal hierarchy of command. At the same time, Churchill saw the 
need for some degree of detachment for those who lead. In an essay on 
Moses (1931) he wrote, “Every prophet has to come from civilisation, but 
every prophet has to go into the wilderness. He must have a strong impres- 
sion of a complex society and all that it has to give, and then he must serve 
periods of isolation and meditation. This is the process by which psychic 
dynamite is made.” So withdrawal and involvement are complementary 
factors in creative leadership. Clerk Maxwell had a kindred thought. In a 
letter of 21 April 1862 to a friend, he wrote, “I hope you enjoy the absence 
of pupils . . . The total oblivion of them for definite intervals is a neces- 
sary condition for doing them justice at the proper time.” 

Yet another aspect of complementarity concerns the balance between 
long-term and short-term interests. I myself encountered this in World War 
II regarding intelligence: How should we dispose our cryptographic effort 
in Britain? There was a temptation to devote it to those ciphers whose 
solution would affect operations immediately; but if we carried this too far 
we would have no effort available for ciphers whose solution was concerned 
with, for example, developments at Peenemiinde, which might become of 
intense operational importance in a few months’ time. So a balance had to 
be struck, and anyone planning either his own future or that of an organi- 
zation to which he belongs is likely sooner or later to have to strike such a 
balance. By looking exclusively to the future he may lose the present, and by 
thinking only of the present he may sacrifice the future. 

The creative individual is, in a sense, complementary to the society in 
which he lives, rather as the soloist in a concerto. Both the basic ideas of 
science and the key inventions of mankind have generally been conceived in 
the minds of individuals, while the effort to gain the data on which the 
ideas and inventions have been based, and the subsequent effort to turn 
them to good account, have required the contributions of many besides the 


Bohr had great expectations about 
the future role of complementarity. 
He upheld them with unshakable 
optimism, never discouraged by the 
scant respect he got from our 
unphilosophical age, On one of 
those unforgettable strolls during 
which Bohr would so candidly 
disclose his innermost thoughts, we 
came to consider that what many 
people nowadays sought in religion 
was a guidance and consolation that 
science could not offer. Thereupon 
Bohr declared, with intense 
animation, that he saw the day when 
complementarity would be taught in 
the schools and become part of 
general education: and better than 
any religion, he added, a sense of 
complementarity would afford 
people the guidance they needed. 
Léon Rosenfeld, “Niels Bohr’s 
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inventor and the originator of ideas. So the individual and the community 
are necessary to one another, and both have to be given their due weights in 
a successful society. 

Politicians would do well to heed the lesson of complementarity, regard- 
ing the balance of interests between the community and the individual. If 
only they could see that these interests are complementary, some, at least, of 
the more bitter struggles between socialism and individualism might be 
avoided. Each viewpoint represents an aspect of truth, and neither can 
completely deny the other, although the optimum balance between them 
will change with circumstances. 

Max Born put it well in his Joule memorial lecture of 1950:* “Complete 
freedom of the individual in economic behaviour is incompatible with the 
existence of an orderly state, and the totalitarian state incompatible with the 
development of the individuum. There must exist a relation between the 
latitudes of freedom Af and of regulation Ar of the type Af-Ar ~ p, which 
allows a reasonable compromise. But what is the ‘political constant’ p? I 
must leave this to a future quantum theory of human affairs. The world, 
which is so ready to learn the means of mass destruction from physics, 
would do better to accept the message of reconciliation contained in the 
philosophy of complementarity.” 


The Complementarity Principle 
and Eastern Philosophy 


D. S. Kothari 


The principle of complementarity, which we owe principally to Niels 
Bohr, is perhaps the most significant and revolutionary concept of modern 
physics.’ The complementarity approach can enable people to see that 
seemingly irreconcilable points of view need not be contradictory. These, 
on deeper understanding, may be found to be complementary and mutually 
illuminating —the two opposing contradictory aspects being parts of a 
“totality,” seen from different perspectives. It allows the possibility of 
accommodating widely divergent human experiences into an underlying 
harmony, and bringing to light new social and ethical vistas for exploration 
and for alleviation of human suffering. Bohr fervently hoped that one day 
complementarity would be an integral part of everyone’s education and 
would provide guidance in the problems and challenges of life. 

Hideki Yukawa was once asked whether young physicists in Japan, like 
most young physicists in the West, found it difficult to comprehend the 
idea of complementarity. He replied that Bohr’s complementarity always 
appeared to them as quite evident: “You see, we in Japan have not been 
corrupted by Aristotle.” 

The core of the profound ethical and spiritual insights propounded in 
the Upanishads, Buddhism, and Jainism rests essentially on the comple- 
mentarity approach to the problems of life and existence, though the for- 
mulations vary. Sri Aurobindo, perhaps the greatest exponent of the Upan- 
ishadic thought in our times, writes in his commentary on the Isha 
Upanishad: 


The principle it follows throughout is the uncompromising reconcilia- 
tion of uncompromising extremes . . . The pairs of opposites succes- 
sively taken up by the Upanishad and resolved are, in the order of their 
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succession: (1) The conscious Lord and phenomenal Nature; (2) Renun- 
ciation and Enjoyment, (3) Action in Nature and Freedom in the Soul; 
(4) The One stable Brahman and the multiple Movement; (5) Being and 
Becoming; (6) The Active Lord and the indifferent Akshara Brahman; 
(7) Vidya (Knowledge) and Avidya (Ignorance); (8) Birth and Non-Birth; 
(9) Works and Knowledge.* 


The Jain formulation of the complementarity approach is based on the 
Syadvada dialectic (Syad means “may be”).* The Syadvada logic is indispens- 
able for the theory and practice of ahimsa (nonviolence) in thought, word, 
and deed. Syadvada and ahimsa go integrally together. Syadvada asserts that 
the knowledge of reality is possible only by denying the absolutistic atti- 
tude. What is new is the fact that relativity and quantum mechanics em- 
body the same line of thought as one finds in the Syadvada logic. Further, 
the Syadvada approach enriches our understanding of complementarity in 
physics. As pointed out by P. C. Mahalanobis* and J. B. S. Haldane,° the 
foundations of the theory of probability are also in keeping with the 
Syadvada logic. 

The recognition that in atomic phenomena we are concerned with an 
application of complementarity which can be precisely formulated provides 
a basic motivation for eventually discovering deeper and richer levels of 
complementarity encompassing both matter and mind. Bohr concludes his 
essay “Causality and Complementarity” as follows: 


In general philosophical perspective, it is significant that, as regards 
analysis and synthesis in other fields of knowledge, we are confronted 
with situations reminding us of the situation in quantum physics. Thus, 
the integrity of living organisms and the characteristics of conscious 
individuals and human cultures present features of wholeness, the ac- 
count of which implies a typical complementary mode of description. 
Owing to the diversified use of the rich vocabulary available for commu- 
nication of experience in those wider fields, and above all to the varying 
interpretations, in philosophical literature, of the concept of causality, 
the aim of such comparisons has sometimes been misunderstood. How- 
ever, the gradual development of an appropriate terminology for the 
description of the simpler situation in physical science indicates that we 
are not dealing with more or less vague analogies, but with clear exam- 
ples of logical relations which, in different contexts, are met with in 


wider fields.® 


Bohr’s first and continuing preoccupation with philosophical problems 
related to the use of language for unambiguously describing our experi- 
ences. A fundamental difficulty in this regard arises from the inescapable 
fact that man is both actor and spectator in the universe. Thus, when I am 
“seeing” a thing, I am also “acting”: my choice to see the particular thing is 
an “act” on my part. We often use the same word to describe both a state of 
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our consciousness and the associated accompanying behavior of the body. 
How to avoid the ambiguity? Bohr drew attention to the beautiful analogy 
between the concept of multiform functions and the concept of a Riemann 
surface: the different values of a multiform function are distributed on 
different planes of a Riemann surface. Similarly, we may say that the 
different meanings of the same word belong to different “planes of objectiv- 
ity.” 

Bohr used to tell how the ancient Indian thinkers had emphasized the 
futility of our ever understanding the “meaning of existence.” And he 
would add that the one certain thing is that a statement like “existence is 
meaningless” is itself devoid of any meaning. 

As lucidly pointed out by Heisenberg, the concepts of ordinary or natural 
language have undergone changes due to developments of modern science.® 
Further changes are to be anticipated as a result of continuing advance- 
ments. The ambiguities and contradictions faced in science have been 
attributed to the use of the terminology of natural language. Contradic- 
tions are inherent in natural language, as well as in precise scientific lan- 
guage. The role of the complementarity approach and of Syadvada logic is 
to give a less ambiguous meaning to the terminology of natural language 
and to provide greater insight into the relationship between human mind 
and reality. 

Consider the following idealized situation, or “thought experiment,” 
discussed by Heisenberg.’ There is an atom in a closed box that is divided by 
a partition into two equal compartments. The partition has a very small 
hole so that the atom can pass through it. The hole can be closed by a 
shutter, if desired. According to classical logic, the atom will be either in the 
left compartment (L) or in the right compartment (R). There is no third 
possibility. But quantum physics forces us to admit other possibilities to 
explain adequately the results of experiments. If we use the words “box” 
and “atom” at all, then there is no escape whatsoever from admitting that in 
some strange way, which totally defies description in words, the same atom 
is, at the same time, in both compartments (when the hole is open). Such a 
situation cannot be expressed properly in ordinary language — it is inex- 
pressible (except mathematically). As we shall see, it is avayakta in the 
terminology of Syadvada. It is an idea crazy beyond words. But there is no 
escape; for, totally unlike large objects, particles at the atomic level exhibit a 


ATOM 


327 


Philosophical Ideas 





328 


wave aspect as well as a particle aspect. These two aspects, which are 
contradictory and mutually exclusive in the everyday domain, are comple- 
mentary in atomic phenomena. 

Bohr’s famous analysis of a two-slit interference experiment made this 
complementarity quantitative.© The figure here shows a slight variant of 
the thought experiment involved. A plate P receives the photons. If, as in @) 
in the figure, the plate is rigidly fixed, the interference pattern is built up by 
the arrival of many photons. But with a very weak beam, in which photons 
cross the apparatus one at a time, and with P suspended so that it can recoil 
along the y direction, as in (b), one might try to infer whether an individual 
photon came through hole A or hole B by measuring the transverse 
momentum + hv@f transferred to P. This, however, will, by the Heisen- 
berg indeterminacy principle, make the y coordinate of P uncertain by an 
amount Ay > h/(hv6/); that is, Ay > 4/@. But for observation of interfer- 
ence fringes, it is necessary that this uncertainty be less than the fringe 
spacing, which requires Ay to be less than 4/6. For interference fringes to be 
produced, photons must in some sense go through both holes, but this can 
happen only if we forgo any attempt to observe them. It is because of this 
mutual exclusiveness of the two setups (a) and (b) that the particle and the 
wave aspects are complementary and not contradictory. 

A similar situation would apply if one observed Xrays scattered from the 
atom in the two-compartment box. One could either locate the atom as 
being in one compartment or the other, or one could observe an interfer- 
ence pattern arising from its partial presence in both compartments. More- 
over, choosing at a given instant (“now”) to make one type of observation 
or the other would seem to imply that this decision influenced the state of 
the atom at an earlier time (earlier by the transit time of Xrays from the 
atom to the plate)."" This looks utterly strange. The lesson is that the 
behavior of “small objects” is not visualizable. It is not describable in 
ordinary language. Nevertheless, it is real. As Wheeler has remarked: 
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“There is no more remarkable feature of the quantum world [characterized 
by the Planck constant] than the strange coupling it brings about between 
future and past.!? Every observation which implies a freedom of choice 
(that is, free will) between mutually exclusive alternatives is, in a sense, a 
participation in genesis (giving a new meaning to our being “actors” and 
“spectators” in the drama of existence). Perhaps, as we probe deeper in our 
understanding of nature, other levels of complementarity may be discov- 
ered, 

Let us now return to the Syadvada formulation as applied to the wave- 
particle duality.'* According to the Syadvada scheme, every fact of reality 
leads to seven ways or modes of description. These are combinations 
of affirmation, negation, and inexpressibility— namely, (1) Existence, 
(2) Nonexistence, (3) Occurrence of Existence and Nonexistence, (4) Inex- 
pressibility or Indeterminateness, (5) Inexpressibility as qualified by Exis- 
tence, (6) Inexpressibility as qualified by Nonexistence, and (7) Inexpressi- 
bility as qualified by both Existence and Nonexistence. 

The fourth mode — the inexpressibility known as avayakta — is the key 
element of the Syadvada dialectic. This is especially well brought out by the 
foregoing discussion of the wave-particle duality in modern physics. As 
mentioned earlier, Mahalanobis and Haldane have discussed the signif- 
cance of Syadvada for the foundations of modern statistics. 

The physical example of the atom and the box can be presented dia- 
grammatically and compared with the seven modes of Syadvada, as shown 
in the table on the following page. The quantum-mechanical description in 
the usual notation appears in the middle column. The atom when observed 
is either in the state|L) or|R). The superposed state|P) =|L) +|R) is not 
directly observable using the type of apparatus for observing |L) and|R) 
states. 

Take any meaningful statement. Call it A. It may describe a fact of 
experience. It could be a proposition of logic or mathematics. The Syadvada 
dialectic demands.that in the very nature of things the negative of the given 
statement is also correct under certain conditions. Denote by not-A the 
negative statement of A. The conditions under which the two statements A 
and not-A are correct cannot, of course, be the same; in general, the 
respective conditions are mutually exclusive. Given a statement A, it may 
not be at all easy to discover the conditions or situations under which not-A 
holds. It may even appear at the time impossible. But faith in Syadvada 
should encourage one to continue the search. For example, in Euclidean 
geometry the sum of the three angles of a triangle is equal to the sum of two 
right angles. The negation of this theorem is a new geometry in which the 
sum of the three angles of a triangle is not equal to the sum of two right 
angles. Not until two thousand years after Euclid was non-Euclidean ge- 
ometry discovered, in the nineteenth century; Einstein’s theory of general 
relativity is based on this geometry. 

For special relativity theory, the Syadvada approach is directly applicable. 


An old legend describes a dialogue 
between Abraham and Jehovah. 
Jehovah chides Abraham, “You 
would not even exist if it were not 
for me!” “Yes, Lord, that I know,” 
Abraham replies, “but also You 
would not be known if it were not 
for me.” In our time the participants 
in the dialogue have changed. They 
are the universe and man. 

John A. Wheeler, Quantum Theory 

and Measurement, 1983 
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Seven modes of Syadvada, illustrated by the example of an atom in a box with two 


compartments. 


Atom in a box 


1. Atom in left 
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2. Atom in right 
compartment (R) 
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3. Cases (1) and (2), 
at different times; 
or two similar boxes 
at the same time 
1° | sl 
1 | 

4. Atom in both 


compartments, at 
the same time; 

this wave aspect 
is nonvisualizable 


¢ 


5. (4) and (1) at 
different times; or 
two boxes at the 
same time, one box 


for (4) and another 
box for (1) 


6. (4) and (2), at 
different times; or 
two boxes at the 
same time 


7. 4) and (3), at 
different times: or 
three boxes at the 


same time 


Quantum-mechanical 
representation 
(in the usual notation) 


System in state |L> 


System in state |R> 


Mixture of |L> and|R> 
represented by 
IL><L|+|R><R| 


System in a state 
which is superposi- 
tion of 

|L> and|R> 
\P>=|L>+|R> 


Mixture 
|P><P|+|L><L| 


Mixture 
|P><P|+|R><R| 


Mixture 
|P><P|+|R><R| 
+|L><L| 


Syadvada 
mode of description 


Existence (atom in L) 


Nonexistence (in L) 


Existence (in L) and 
Nonexistence (in L) 


Avayakta 
(Inexpressibility) 


Avayakta and 
Existence (in L) 


Avayakta and 
Nonexistence (in L) 


Avayakta and 
Existence and 
Nonexistence 
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An object traveling with any velocity is at rest with respect to an observer 
traveling with the object. Syadvada logic implies the existence of the nega- 
tion of this proposition. Thus, according to Syadvada, there must exist an 
entity such that to imagine an observer traveling with it must imply a 
logical contradiction. Syadvada associates this with light, whose existence is 
the foundation of the relativity theory. 

When we know that both A and not-A exist, we are ready to move on toa 
deeper layer or a new plane of reality corresponding to the simultaneous 
existence of both A and its negation. The new plane cannot be described in 
terms of the conceptual framework which described A and not-A. Syadvada 
logic, indispensable for ethical and spiritual quest and for ahimsa, is also of 
the greatest value for the advancement of natural science. 

For the quest of truth — scientific, moral, and spiritual — what is most 
important is the Syadvada or the complementarity approach. The precise 
definitions and number of alternative modes are less important. 
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Physicists and philosophers of science do not agree on a single definition of 
“complementarity.” One way of defining the principle would be to say that 
contradictory properties of a microbody are reconciled by granting these 
individual properties existence only at separate moments of measurement. 
Another formulation, which evades the question of “existence” of proper- 
ties but which nonetheless is commonly given, is to say that the quantum 
description of phenomena divides into two mutually exclusive classes that 
complement each other in the sense that one must combine them in order to 
have a complete description in classical terms. This latter view was the one 
accepted by Oppenheimer when he stated that the notion of complemen- 
tarity “recognizes [that] various ways of talking about physical experience 
may each have validity, and may each be necessary for the adequate de- 
scription of the physical world, and may yet stand in a mutually exclusive 
relationship to each other, so that to a situation to which one applies, there 
may be no consistent possibility of applying the other.” It must also be 
added that even such early leaders in quantum mechanics as Niels Bohr and 
Wolfgang Pauli did not entirely agree in their definitions of complemen- 
tarity. The essential problem was the perennial one in the history of 
science: that of giving a verbal interpretation to a mathematical relation- 
ship. 

Prior to World War II the views of Soviet physicists on quantum me- 
chanics were quite similar to those of advanced scientists elsewhere. Russian 
physics was in many ways an extension of central and west European 
physics. The work of such men as Bohr and Heisenberg influenced scien- 
tists in the Soviet Union as it did everywhere. Indeed, Soviet physicists 
spoke of the “Russian branch” (filial) of the Copenhagen School, composed 
of a group of highly talented theoretical physicists, including Matvei P. 
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Bronshtein, Lev D. Landau, Igor E. Tamm, and Vladimir A. Fock. And yet 
behind this exterior of agreement with scientists everywhere on quantum 
mechanics (or, more accurately, disagreements similar to those every where), 
as early as the 1920s certain Soviet physicists had become aware that dialec- 
tical materialism might some day be interpreted in a way that could influ- 
ence their research. Lenin had, after all, devoted an entire book, Materialism 
and Empirio-Criticism, to the crisis in interpretations of physics and had 
particularly criticized the neopositivism of Ernst Mach, out of which much 
of the philosophy of modern physics grew.* Lenin’s assertion that a dialec- 
tical materialist must recognize the existence of matter separate and inde- 
pendent from the mind, while not inherently contradictory to quantum 
mechanics, could be regarded as at least uncongenial to the Copenhagen 
School's disinclination to comment upon matter in the absence of sensible 
measurement. And the extension of the concept of complementarity 
beyond physics to other realms, including ethical and cultural problems, by 
certain members of the Copenhagen School almost guaranteed some con- 
flict with representatives of Marxism. As early as 1929 the leading Soviet 
philosopher at that time, Abram M. Deborin, gave a lecture entitled “Lenin 
and the Crisis of Contemporary Physics” to the Academy of Sciences. But 
the first serious Soviet critique of the customary interpretation of quantum 
mechanics in a physics journal, rather than a philosophy journal, appeared 
in 1936, written by Konstantin V. Nikol’skii. In the dispute that developed 
between Nikol’skii and V. A. Fock, a leading interpreter of quantum me- 
chanics in the Soviet Union until his death in 1974 and originally an 
adherent of the Copenhagen School, Nikol’skii called the Copenhagen 
interpretation “idealistic” and Machist,” two appellations that were to be 
frequently used after World War II by Soviet Marxist critics. 

Fock’s interpretation in 1936 of the physical significance of the wave 
function was essentially the same as that of the Copenhagen School, which 
combined Born’s emphasis on the mathematical description of man’s 
knowledge of the microworld with its own emphasis on the role of mea- 
surement. Fock stated in an introduction to a Russian translation of the 
1935 debate of Einstein, Podolsky, and Rosen versus Bohr: “In quantum 
mechanics the conception of state is merged with the conception of ‘infor- 
mation about the state obtained as a result of a specific maximally accurate 
operation.’ In quantum mechanics the wave function describes not the state 
in the usual sense, but rather this ‘information about the state.’”’ The 
importance of this prewar position of Fock’s lies in its subtle difference 
from his stated views after the war, when he was placed under heavy 
pressure to desert the Copenhagen School. Nevertheless, Fock’s change in 
position was small compared to the swerves that occurred in the views of 
several other prominent Soviet philosophers and scientists. 

The debate of the 1930s did not, however, leave a permanent imprint on 
Soviet attitudes toward quantum mechanics. Even many philosophers ac- 
cepted much of the Copenhagen view. Early in 1947 Mikhail E. Omel’ian- 
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Beginning students sometimes find 
themselves explaining this principle 
[complementarity] with the words of 
the Abbé of Galiana (1728-1787): 
“One cannot bow in front of 
somebody without showing one’s 
back to somebody else.” 
John A. Wheeler, address at 
ceremony conferring the Atoms for 
Peace Award on Niels Bohr, 1957 
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ovskii, a Ukrainian philosopher, argued a position on quantum mechanics 
close enough to the Copenhagen orientation to cause him intense embar- 
rassment only a few months later. In his book, V I. Lenin and Twentieth- 
Century Physics, Omel’ianovskii accepted much of the common interpreta- 
tion of quantum mechanics.* He recognized and used such terms as “the 
uncertainty principle” and “Bohr’s principle of complementarity.” (A year 
later Omel’ianovskii’s terminology became “the so-called ‘principle of 
complementarity.’”) He guarded against using these concepts in a way that 
might deny physical reality, as he said certain people (including Bohr on 
occasion) had done, but his major thesis was a defense of the surprising but 
necessary concepts of modern physics against adherents of the determinism 
of Laplace, by then clearly outdated. Buried within Omel’ianovskii’s argu- 
ments, however, one may observe, at least in retrospect, the core of his own 
interpretation of quantum mechanics and of his later criticisms of the 
Copenhagen School. Although he acquiesced in the vocabulary of Copen- 
hagen, he emphasized that the correct interpretation of quantum me- 
chanics began with a recognition of the peculiar qualities of microparticles, 
not with problems of cognition: “And so we have come to the conclusion 
that Heisenberg’s uncertainty principle, like Bohr’s principle of comple- 
mentarity, is a generalized expression of the facts of the dual (corpuscular 
and undulatory) nature of microscopic objects.” Thus, the uncertainty 
principle was not actually an epistemological limitation or a limitation of 
knowledge, but a direct result of the combined wave-like and corpuscle-like 
nature of micro- objects, which was the material reason why classical con- 
cepts could not be applied to the microworld. In view of this material 
source of the phenomenon of canonically conjugate parameters, one could 
not expect ever to possess simultaneous exact values of position and mo- 
mentum of elementary particles. For his recognition of the basic position of 
contemporary views on quantum mechanics, Omel’ianovskii was soon 
criticized severely, and eventually produced a second edition of his book, in 
which, most notably, he repudiated the principle of complementarity. 

The most important event of the postwar years for Soviet scholarship 
was Andrei A. Zhdanov’s speech on 24 June 1947, at the discussion of 
Georgii F. Aleksandrov’s History of Western European Philosophy, an event 
well known to historians of the Soviet Union. Only near the end of that 
speech did Zhdanov mention specific issues in science, and less than a 
sentence referred directly to quantum mechanics: “The Kantian vagaries of 
modern bourgeois atomic physicists lead them to inferences about the 
electron’s possessing ‘free will,’ to attempts to describe matter as only a 
certain conjunction of waves, and to other devilish tricks.”® 

Although Zhdanov’s speech is now known as the beginning of the most 
intense ideological campaign in the history of Soviet scholarship, the 
Zhdanovshchina, the first few issues of the new journal Problems of Philoso- 
phy that appeared after the speech were surprisingly unorthodox. Evidently 
taking seriously the slogan of the journal —“to develop and carry further” 
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Marxist-Leninist theory —the editors promoted vital discussions of sev- 
eral philosophic questions. In no field was this vitality more apparent than 
in the philosophy of physics; the second issue of Problems of Philosophy 
contained an article by the outstanding theoretical physicist Moisei A. 
Markov, a specialist in the relativity theory of elementary particles, which 
may well still be the most outspoken presentation of the Copenhagen point 
of view to appear in a Soviet philosophy journal since World War II.° 

Markov accepted modern quantum theory completely and agreed with 
Bohr’s position in Bohr’s debate with Einstein, Podolsky, and Rosen. Thus, 
Markov considered quantum mechanics to be complete, in the technical 
sense that no experiment that did not contradict it could yield results not 
predicted by it; and he consequently rejected all attempts to explain the 
behavior of microparticles on the basis of “hidden parameter” theories that 
would later permit restitution of the concepts of classical physics: “It is 
impossible to regard quantum mechanics as a classical mechanics that has 
been corrupted by our ‘lack of knowledge.’” Such complementary func- 
tions as “momentum” and “position” simply did not have simultaneous 
values; to suggest that they did would mean contradicting quantum theory. 

Not only was Markov’s view on conjugate parameters typical of the 
Copenhagen School, but his approach to science bore few traits of dialecti- 
cal materialism despite his initial quotations from Marxist classics. He 
asked that no statements be made that could not be empirically verified; he 
accepted relativity theory, including relativity of spatial and temporal in- 
tervals; he used the term “complementarity” without hesitation. To be 
sure, he affirmed that his view of science was “materialist” and criticized 
James Jeans and other non-Soviet commentators on science, but nowhere in 
his article did he make any effort to illustrate the relevance of dialectical 
materialism to science. 

Markov maintained that “truth” is obtained from many sources. When 
we speak of knowledge of the microworld, which we gain with instru- 
ments, we are speaking about knowledge that has come from three sources: 
nature, the instrument, and man. The language we use to describe our 
knowledge is perforce always “macroscopic” language, since this is the only 
language we possess. The measuring instrument performs the role of 
“translating” the microphenomenon into a macrolanguage accessible to 
man. “We consider physical reality to be that form of reality in which 
reality appears in the macroinstrument.” Thus, according to Markov, our 
concept of physical reality is subjective to the extent that it is formed in 
macroscopic language and is “prepared” by the act of measurement, but it is 
objective in the sense that physical reality in quantum mechanics is a 
macroscopic form of the reality of the microworld. 

The role of the measuring instrument is one of the thorniest issues in 
quantum mechanics. Markov’s view was essentially in agreement with that 
of the Copenhagen interpretation, according to which the wave describing 
a physical state spreads out over larger and larger values until a measure- 
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ment is made, when a reduction of this spread (wave packet) to a sharp value 
occurs. Such an interpretation does indeed imply that complementary mi- 
crophysical quantities have no inherent sharp values but that such values 
instead result from, or are “prepared by,” the measurement. The most 
imaginative attempt, no doubt, to illustrate the striking results of some 
interpretations of this view of microphysical measurements was made by 
Schrédinger.’ A live cat is imprisoned in a box that also contains a Geiger 
counter and a very weak radioactive source. If the counter fires, it actuates a 
relay that breaks open a container of cyanide. The source is of such a 
strength that there is a 50 percent chance that the Geiger counter will be 
triggered during the space of one hour. If the cat is sealed inside the box at a 
certain time — say, twelve o’clock — and then no one looks at the cat until 
one o'clock, are we still to assume, Schrodinger asked, that the cat is neither 
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Schrédinger’s cat. R indicates the radioactive source, G the Geiger counter, A the 
ampliher, § the solenoid relay, and C the cyanide bottle. After one hour in what 
Schrédinger called this “hellish contraption,” there is a 50 percent chance that the Geiger 
counter will have been triggered by a particle from the source. In Schrédinger’s words: 
“If at the end of an hour the cat is still living, one would say that no atom has decayed. 
An indication of the first decay would be the presence of equal parts of the living and 

the dead cat.” Schrédinger was here attacking indeterminacy, which by such a situation 
“is transferred from the atomic to the crude macroscopic level, which can then be decided 
by direct observation. This prevents us from accepting a ‘blurred model’ too naively as a 
picture of reality.” 
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dead nor alive until someone actually looks in the box and thus “prepares” 
the cat in a state of life or death? 

The cat paradox raises a basic question about the difference in quantum 
mechanics between relational aspects and subjective aspects. It is quite 
possible to interpret the cat paradox from a relational standpoint in which 
subjective considerations play no role. The moment of interaction between 
the microentity and the macroentity is not the moment when the observer 
looks in the box, but the moment when (if indeed it happens) the Geiger 
counter is triggered by a particle from the radioactive source, thereby 
poisoning the cat. As Hilary Putnam has pointed out, contemporary physi- 
cists explain the cat paradox by saying that all macro-observables always 
have sharp values, and therefore the poisoning of the cat (if it occurred) was 
in itself a “measurement.” Similarly, the moment of measurement when a 
photographic plate is used to record a quantum phenomenon is the moment 
of exposure, not the moment a human being looks at the plate. Thus, 
although measurement theory is still an uncertain area in the philosophy of 
science, measurement can be made an essential part of quantum mechanics 
without necessarily including subjective considerations. 

Whatever Markov’s views on the cat paradox, his opinion that the in- 
strument “prepares” the state of microphysical reality, together with his 
acceptance of the Copenhagen interpretation in general, exposed him to 
criticisms from a number of quarters, ranging from dogmatic ideologues to 
ordinary physicists with hopes for the eventual replacement of the views of 
Bohr and his colleagues by an interpretation more agreeable to common- 
sense intuition. The Markov article very quickly became the occasion for a 
full-blown controversy, involving several dozen participants, on the nature 
of physical reality and the dialectical materialist interpretation of quantum 
mechanics. 

The polemic began with the appearance of an article by Aleksandr A. 
Maksimov in the Literary Gazette, an unusual place for a commentary on 
the philosophy of science. The article, entitled “Concerning a Philosophic 
Centaur,” contained very serious allegations against Markov. 

The central point of Maksimov’s article was that Markov was a supporter 
of the Copenhagen interpretation of quantum mechanics and was trying to 
whitewash this view with a few statements about its agreement with dia- 
lectical materialism. According to Maksimov, “M. A. Markov, following 
directly behind Bohr, asserts that in physical experiments there is a mutual 
influence of the microworld and the instrument, which in essence can 
never be overcome. However, this argument in no way touches upon the 
basic epistemological question: Does microreality with such properties 
exist before the application of an instrument by man? M. A. Markov 
answers that it does not exist, but is ‘prepared’ by the instrument.”® 

After the appearance of Maksimov’s article in the Literary Gazette, the 
editors of Problems of Philosophy published a discussion of quantum me- 
chanics, But the factor that determined the eventual disapproval of Mar- 


I think I must accuse Bohr—though 
in actual fact he is one of the 
kindliest persons | ever came to 
know — of an unnecessary cruelty 
for his proposing to kill his victim by 
observation. 

Erwin Schrodinger, Science and 

Humanism, 1951 
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There is always a certain time-lag 
between the views held by learned 
men and the views held by the 
general public about the views of 
those learned men. I do not think 
that fifty years is an excessive 
estimate for the average length of 
that timelag. Be that as it may, the 
fifty years that have just gone 
by —the first half of the twentieth 
century — have seen a development 
of science in general, and of physics 
in particular, unsurpassed in 
transforming our Western outlook 
on what has often been called the 
Human Situation. I have little doubt 
that it will take another hfty years or 
so before the educated section of the 
general public will have become 
aware of this change . . . We have to 
labour for it. In this labour I take my 
share, trusting that others will take 
theirs. It is part of our task in life. 
Erwin Schrédinger, 
Science and Humanism, 1951 
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kov’s article was a decision, beyond any doubt promoted by the Party, to 
replace Bonifatii M. Kedrov as editor of Problems of Philosophy by Dmitrii L. 
Chesnokov. It is clear that Maksimov’s attack on Markov played an impor- 
tant role in Kedrov’s downfall. Maksimov’s Literary Gazette article was a 
clear criticism of Kedrov, and in a statement that appeared after Kedrov’s 
dismissal, Maksimov commented: “Only a decisive rejection of the idealis- 
tic inventions of N. Bohr and M. A. Markov, only a decisive repudiation of 
the position taken on this question by the editorial board of the journal 
Problems of Philosophy [in no. 1, 1948] can lead our philosophical organ out 
of this blind alley into which it attempted to lure several sections of our 
intelligentsia, those inclined to waver on the basic questions of Marxist- 
Leninist ideology.” In a note in the third issue of 1948 the reformed 
editorial board of Problems of Philosophy admitted that the journal had not 
taken the correct position on quantum mechanics and particularly on 
Markov’s article, which had “weakened the position of materialism.” The 
article had contained “serious mistakes of a philosophic character” and was 
in essence a departure from dialectical materialism “in the direction of 
idealism and agnosticism.” 

In terms of personnel, the immediate casualty of the Markov affair was 
Kedrov, but in terms of the philosophy of science, the casualty was the 
principle of complementarity. The period from 1948 to roughly 1960 may 
be called, with respect to discussions of quantum mechanics in the Soviet 
Union, the age of the banishment of complementarity. Only a few scien- 
tists in this period, most notably Vladimir A. Fock, attempted to include 
complementarity as an integral part of quantum theory. 

This critical attitude toward complementarity after 1948 was made clear 
in an article by Iakov P. Terletskii that immediately preceded the final 
statement on the Markov controversy by the editors of Problems of Philoso- 
phy. Terletskii observed that Markov’s article was actually an attempt to 
justify the acceptance of complementarity by maintaining that as a result 
of the role of measuring instruments as “translators” of reality, statements 
about microphysics often contradict each other. Such a view, thought Ter- 
letskii, was merely a restatement of Mach’s opinion that scientists must 
describe nature in terms of sensations. A true dialectical materialist ap- 
proach, however, showed, Terletskii continued, that the principle of com- 
plementarity was in no way a basic physical principle and that quantum 
mechanics could very well “get along without it.” 

The result of the Markov affair, then, was a victory for dogmatic ideolo- 
gists. Maksimov, an ideologist, had triumphed over Markov, an active 
theoretical physicist in the Academy of Sciences. But it also became fairly 
clear that Maksimov was not capable of advancing an interpretation of 
quantum mechanics that held any chance of official acceptance. The period 
after 1948 was dominated instead by physicists and a small number of 
philosophers with some knowledge of physics, all of whom, however, were 
influenced by the atmosphere created by the Markov affair. Until approxi- 
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mately 1958 the major interpreter of quantum mechanics was the philoso- 
pher of science Omel’ianovskii, who drew upon the theories of the physicist 
Dmitrii I. Blokhintsev, advocate of the “ensemble” interpretation. Also 
important was Fock, who termed his interpretation a recognition of the 
“reality of quantum states.” 

One of the most complete statements of Fock’s interpretation of quan- 
tum mechanics appeared in a collection of articles on philosophic problems 
of science published in Moscow in 1959."° Written at a time of relative 
freedom from ideological restriction, it is a statement of both scientific 
rigor and philosophic conviction. Fock began his discussion by considering 
and then dismissing attempts to interpret the wave function according to 
classical concepts. De Broglie’s and Schrédinger’s attempts originally to 
explain the wave function as a field spread in space, similar to electromag- 
netic and other previously unknown fields, were examples of classical 
interpretations, as was also de Broglie’s later view that a field acts as a carrier 
of the particle and controls its movement (pilot-wave theory). Bohm’s 
“quantum potential” was essentially the same type of explanation, since it 
attempted to preserve the concept of trajectory. Similarly, J. P. Vigier’s 
concept of a particle as a point or focus in a field was an attempt to preserve 
classical ideas in physics. All these interpretations, according to Fock, were 
extremely artificial and had no heuristic value; not only did they not 
permit the solution of problems that were previously unsolvable, but their 
authors did not even attempt such solutions. 

Fock believed that the true significance of the wave function began to 
emerge in the statistical interpretation of Max Born, especially after Bohr 
combined this approach with his own view of the importance of the means 
of observation. This emphasis on measuring instruments was essential for 
quantum mechanics, Fock agreed, but it was exactly on this point that Bohr 
also slipped: “In principle it seems that it is possible to reduce a description 
to the indications of instruments. However, an excessive emphasis on the 
role of instruments is reason for reproaching Bohr for underrating the 
necessity for abstraction and for forgetting that the object of study is the 
properties of the micro-object, and not the indications of the instru- 
ments.” Bohr then compounded the confusion, said Fock, by utilizing 
inexact terminology — terminology he was forced to invent in order to 
cover up the discrepancy that arose when he attempted to use classical 
concepts outside their area of application. One of the most important of 
these uses of inexact terminology was his opposition of the principle of 
complementarity to the principle of causality. According to Fock, if one 
defines terms with the necessary precision, no such opposition exists. The 
complementarity that does exist in quantum mechanics is a complementar- 
ity between classical descriptions and causality. But this does not deny causal- 
ity in general because classical descriptions of macroparticles are neces- 
sarily inappropriate for microparticles. Using classical descriptions 
(macrolanguage) is merely a necessary method, since we do not have a 
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microlanguage. Realizing that a microdescription of microparticles would 
be different from a classical description of the same particles, we can say 
that on both levels (micro- and macro-) the principle of causality holds. 
Since we always use a macrodescription, however, we should redefine 
causality in such a way that it fits both levels. Our new approach, said Fock, 
should be to understand causality as an affirmation of the existence of laws 
of nature, particularly those connected with the general properties of space 
and time (finite velocity of action, the impossibility of influencing the 
past). Causal laws can, therefore, be either statistical or deterministic. The 
true absence of causality in nature would mean to Fock that not even 
probabilistic descriptions could be given; all outcomes would be equally 
probable. Fock concluded his remarks on causality by commenting that in 
his recent conversations he had found Bohr in agreement with these obser- 
vations. Thus, a few redefinitions of complementarity and causality would 
go far toward strengthening the Copenhagen interpretation. 

The interpretation of quantum mechanics is still a very open question, 
not only in the Soviet Union but in all countries where there is an active 
concern with current problems of the philosophy of science. The Soviet 
discussions of causality, of the influence of the observer, and of the possi- 
bility of hidden parameters were quite similar to the worldwide contro- 
versy. In the Soviet Union the main participants in the debate — Fock, 
Blokhintsev, and Omel’ianovskii— all had disagreements with each other, 
and outside the Soviet Union the interpreters of quantum mechanics also 
have had intense disputes. 

All scientists in the course of their investigations must proceed beyond 
physical facts and mathematical methods; such theorization is one of the 
bases of scientific explanation. Choices must be made among alternative 
courses that are equally justifiable on the basis of the mathematical forma- 
lism and the physical facts. The choice will often be based on philosophic 
considerations and will often have philosophic implications. Thus, Fock in 
his interpretation of quantum mechanics defined “complementarity” as a 

“complementarity between classical descriptions of microparticles and 
causality.” In his subsequent choice between retaining either a classical 
description or causality, he chose causality, and thereby lost the possibility 
of a classical description. He could have gone the other way. This decision 
inevitably involved philosophy. 

The Soviet scientists and philosophers drew attention to a significant and 
fruitful concept when they observed that as long as even probabilistic 
descriptions of nature are possible, the principle of causality can be re- 
tained. To them, the nonexistence of causality in quantum mechanics 
would mean that all possible values of position and momentum for a 
micro-object would have equal probability. In such a world, a science of 
quantum mechanics would be impossible. If the present opinion of most 
scientists is confirmed and it becomes increasingly clear that causality must 
be interpreted probabilistically if it is to be retained at all, the resulting 
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discussions could lead to refreshing developments in the age-old debates 
over determinism and free will, particularly in the Marxist framework in 
which freedom is seen as knowledge of natural laws; Marxists could allow 
room for a given situation to generate a range of possible outcomes without 
resorting to any factors outside the natural world. But the full significance 
of quantum mechanics in its present form has not yet been adequately 
absorbed by specialists in other fields, Marxists or non-Marxists. 

Whether the future of quantum mechanics will reassure the probabilists 
or the determinists will depend on science. In the meantime, Soviet philos- 
ophers and scientists have found an interpretation—or rather, several 
interpretations — that makes the world seem more intelligible to them and 
that could handle either eventuality.’ 
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A Glimpse of the Other Side 


Philip Morrison 


At the end of this commemorative volume, it is fitting to ask what limits 
can be placed on the utility of Niels Bohr’s legacy to physicists, and to a 
wider circle still. 

Let me begin with some anecdotal history, to establish my stance for the 
reader. I am not one of the generation of the Golden Age, that group of 
physicists who found themselves between the wars in Copenhagen, at 
Blegdamsvej, enchanted by the subtle quantum music of the north. (I did 
not visit Bohr’s institute until 1959, and at that time Bohr himself was not 
in the city.) But Iam one of the immediate generational successors to those 
heroic physicists; my own teachers, Robert Oppenheimer and Hans Bethe 
chief among them, shared the Copenhagen spirit, even if perhaps they were 
not steadily under its spell. During 1937, my first eye-opening year as a 
naive graduate student at Berkeley, Bohr himself came to that campus to 
give a series of lectures for the learned public. Of course, he attended 
Oppenheimer’s series of theoretical seminars at which I was still an awed 
and generally uncomprehending kid in the back row. 

I took careful notes at Bohr’s public lectures, a bit intimidated by their 
content — but I wonder if I ever studied them with care? My ideas of 
quantum mechanics came mainly from the problems and style set by Op- 
penheimer, and from long hours of study of the famous Pauli article.' 
However, I have one strong conviction that does date back to Bohr’s Berke- 
ley lectures: the experimental arrangement, the classical limit that makes 
the inevitable cut away from description through the quantum state, is best 
represented by the pseudorealism of Bohr, those wonderful drawings of 
slits milled out of heavy brass, held to an optical bench by serious nuts and 
bolts. Measurement theory for me will always have that decisive back- 
ground. 








Philip Morrison, Institute Professor 
at the Massachusetts Institute of 
Technology, is a theoretical physicist 
with special interests in astrophysics 
and cosmology. He has also been 
very active for many years in the area 
of science education, both for schools 
and for the general public. His books 
My Father’s Watch (with Donald 
Holcomb) and Powers of Ten (with 
Phylis Morrison) are expressions of 
this interest, 


345 


Epilogue 


While Gamow and Landau were at 
the institute, the three of us often 
went to the movies together, and we 
had great preference for bad films. 
Sometimes we could enticg Bohr to 
come with us to see a Western or a 
gangster film we had selected. His 
comments were always remarkable 
because he used to introduce some of 
his ideas on observations and 
measurements. Once, after a thor- 
oughly stupid Tom Mix film, his 
verdict went about as follows: “I did 
not like that picture; it was too 
improbable. That the scoundrel runs 
off with the beautiful girl is logical; 
it always happens. That the bridge 
collapses under their carriage is 
unlikely, but I am willing to accept 
it. That the heroine remains 
suspended in mid-air over a precipice 
is even more unlikely, but again I 
accept it. I am even willing to accept 
that at that very moment Tom Mix 
is coming by on his horse. But that 
at that very moment there should be 
a fellow with a motion picture 
camera to film the whole business — 
that is more than I am willing to 
believe.” 

H. B. G. Casimir, “Recollections 

from the Years 1929-1931,” 1967 
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It was at Los Alamos that I came into more direct contact with Bohr. 
Again I was no intimate; but since I was close to Oppenheimer and to 
Berkeley classmates (such as Robert Wilson and Bob Christy) I found 
myself quite often in a circle around the Bohrs, Niels and Aage, both at 
work and at evening gatherings. My political stance about the bomb and its 
international meaning owed much to Bohr’s ideas, filtered for most of us 
through Oppenheimer. Bohr’s public views persisted a little time into the 
postwar world, and the idea of an international agency charged not only 
with the policing task but also with the positive development of nuclear 
science and technology caught me up for a while. It is surely a conception 
that goes back to the interaction of Bohr and Oppenheimer. The chill of the 
Cold War caused me, an old campus radical, to shiver rather early. The 
idealism of the war’s end withered in the frosty political context of the late 
forties, and soon the urgent claims of national security, East and West, puta 
stop to Bohr’s “open world,” the hope for a universal nuclear community. 

One Sunday afternoon in the late summer of 1944, many newcomers to 
the mesa country made the modest drive over the Jemez Mountains from 
Los Alamos to Jemez Pueblo, to witness the marvelous ancient dances held 
there. Bohr came too, and I watched him within that scene of unpredictable 
contrasts with the sense of wonder so often induced by the omens and 
incongruities of wartime Los Alamos. It was not long afterward that my 
first few hours of personal contact with Bohr took place. Somehow it fell to 
me to offer to accompany Bohr to a Sunday evening film at the post theater. 
It was a large-scale Western, perhaps with John Wayne or some similar star 
of gun and saddle. I undertook to interpret the peculiar genre of the 
Hollywood Western to Bohr the European, and we sat together as I told 
him how to watch for white hats and black, how to part the good guys from 
the bad. He seemed to enjoy the film, and to appreciate my whispered 
interpretations. It may have been a decade before I read recollections by 
others of their years in Copenhagen, and realized that Bohr possessed 
substantial critical expertise on Westerns, arising out of long study. My 
help had been as superfluous as it was ingenuous, but his warmth and 
insight led him to keep his secret: subtle as always. 


A GENERATION OF NATURAL SCIENCE SINCE BOHR 


Niels Bohr died in 1962. It is not hard, in retrospect at least, to list the chief 
discoveries in the natural sciences that have grown clearly visible in the 
years since Bohr’s work ended. 

The oldest of these — the key findings go back to the early fifties — was 
the rise of modern biology, especially the genetic biology of information 
storage and transfer, based upon the double helix and its template method of 
reproduction. A generation after the double helix, the science has acquired 
great powers, both intellectual and technological. It has opened the way to 
the understanding of the development of multicellular organisms, a goal 
still not close at hand. 


A Glimpse of the Other Side 








Next, as the sixties opened, came knowledge of sea-floor spreading. 
Eventually it was convincingly shown that the motion of distinct plates of 
continental size, which together form the earth’s outer crust, must be a 
steady feature of earth history. For the first time, geology became open to a 
broad theoretical account, more or less as a century ago paleontology 
became clarified as the consequence of Darwin’s theory of evolution. 
Whereas previously a special history had had to be invoked for every region 
and for every period, even though the physical processes were roughly 
similar over time, now the whole globe had a unitary albeit complex 
history. Geologists who hardly knew that the world beyond the domain of 
their special interest existed now saw the earth as one interactive system. 

Also in the sixties, the ideas of relativistic cosmology were extrapolated 
through aeons of history, back to a time when the universe appeared 
qualitatively different from what it is today. The discovery of quasars — 
discrete galaxy-like bodies bright enough to be seen at distances corre- 
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sponding to red-shifts several times greater than any known for ordinary 
galaxies — made plain that the universe had a long history. By the end of 
the decade there remained little doubt that the distant microwave back- 
ground was a residue of the ubiquitous early presence of space-filling 
plasma — matter directly observable that showed complete uniformity and 
isotropy, and gave no sign of discrete condensed objects. This provided 
evidence for the long-predicted early hot universe, seat of the synthesis of 
helium in cosmic space, whereas all subsequent nucleosynthesis would be 
within stars and galaxies not yet gravitationally assembled out of the uni- 
form hydrogen-helium plasma. 

Bohr himself would probably have rejoiced most over the great advances 
in particle physics. From the end of World War II until about 1960, experi- 
ments disclosed a plethora of candidates for designation as fundamental 
particles. But for some time there was little understanding of these results. 
Then, beginning with the successes of the algebraic grouping called the 
Eight-fold Way, theorists rapidly developed schemes to explain the entire 
array of particle states we now know. That understanding rests squarely 
upon advances in quantum field theory—advances that have brought 
about the demonstrated unification of the electromagnetic and the weak 
nuclear interactions. Then came the recognition, perhaps less well estab- 
lished but compelling all the same, that the strong nuclear interactions too 
could be understood on the basis of quarks, which are believed to be the 
inner constituents of neutrons, protons, and other strongly interacting 
particles. Quarks now seem so real (despite the fact that, according to the 
theorists, they can never be found free) that their involvement at energies far 
beyond experimental reach, as described by the so-called grand unified 
theories, lays widely recognized claim to good sense. Today the edifice of 
particle physics is quite impressive, with only a few hints from experiment 
that closure of the physics of accessible energy might not be final.? 


ASSESSING COMPLEMENTARITY 


How have Bohr’s general views — his principle of complementarity, his 
concern with correct language and the recognition of its limits — stood up 
throughout the decades of such scientific novelty? 

The answer seems, fittingly enough, to be itself dual. The new biology, 
wonderfully apt, and growing by leaps and bounds in scope and depth, is 
positively anti- Copenhagen. We can see this with some confidence, for in 
his lecture “Light and Life” Bohr gave us insight into how he expected a 
biology of power to look. He knew, of course, that it would require molec- 
ular analysis if it were to join the rest of science; life depends on fine 
structure. But certainly, at the time Bohr gave the lecture, he believed that 
we would require a new viewpoint on chemistry, on reactions and struc- 
tures. That viewpoint, he suggested, would come out of the exploitation of 
the complementarity between the microdescription of an organism and its 
living function. 
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Before Bohr died, he came to realize that his initial view was wrong. 
Something must be added to chemistry. That novelty lies in two directions. 
Theoretically, we need to follow not only free energies and structures in the 
usual way, but we must keep in mind the category information. Replication 
of pattern and an intricate set of variations on that theme are key matters. 
Moreover, there is a structural level beyond the simple collections of se- 
quenced monomers. Polymer chemistry is evident, but probably the work 
of membranes and other components of cells goes beyond that, toward 
surface structure, closer to solid-state physics than to test-tube reactions. 
Yet nothing appears that is more subtle: no new interactions, no dynamics 
achieved only at the expense of form. It looks as though simple close fit of 
enzyme molecules and substrates, sometimes with ancillary molecular 
partners, will account for the reaction chains and cycles. It looks, too, as 
though the origin of secondary and tertiary structure arises from the long 
sequences that make up the key polymers. Normal collisional processes 
allow eventual use of secondary and tertiary bonding to build the architec- 
ture beyond the long chains. Cunning evolutionary design is enough to 
construct such molecular mechanisms as ribosomes out of molecules speci- 
fied only chemically, although at tedious length and detail. Schrédinger’s 
metaphor of the aperiodic crystal seems a better hint than any of Bohr’s 
more dynamic suggestions — or so we think today. Life ought to exhibit 
complementarity, if anything does, but that subtlety enters perhaps beyond 
the molecular level, in evolutionary processes and in learning systems 
associated with neural networks.* 

It is almost self-evident that plate tectonics, even though we do not 
know much about its driving forces, is a mechanism of a fully Newtonian 
kind. At that scale, there is not much room for subtler views. Yet how slow 
we were to recognize these worldwide processes that can be described in 
Cartesian language. 

But in the physics of particles, quantum theory — quantum field theory 
— conceptually complete by the 1930s, seems to have found flawless appli- 
cation up to energies of a hundred thousand electron masses at least. The 
theorists of today have been original and ingenious; their daring in extend- 
ing the old ways is a marvel. Plainly, dynamical quantities go well beyond 
ordinary space-time, but they fit the ideas of quantum field theory like a 
hand in a snug glove. When Bohr and Rosenfeld made their painstaking 
study of the measurement physics of the vacuum fluctuations implied by 
quantum electrodynamics, they showed how quantum complementarity 
ideas held in strength, and how these ideas were required by, and in turn 
illuminated, the meaning of the formal theory. That all still holds true. It is 
even the case that the dynamics of the vacuum —a true quantum ether — is 
physically more and more important. Some day we will extend the won- 
derful complementary relationship that Bohr and Rosenfeld showed to 
exist between the assignment of sharp particle numbers and the description 


of the fields. 
Today the cosmology of the early universe is thoroughly integrated with 


It is of decisive importance to realize 
that the fruitful application of 
structural formulae in chemistry 
rests solely on the fact that the 
atomic nuclei are so much heavier 
than the electrons that, in compari- 
son with molecular dimensions, the 
indeterminacy in the position of the 
nuclei can be largely neglected. 
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particle physics. Not only do the conjectured high temperatures of that 
early state make the relationship inevitable (if the extraordinary extrapola- 
tion of the expansion holds as expected), but even more the union leads to 
testable explanations for the symmetries of the universe we see. Here the 
ground is so newly entered that we must be tentative. But I can recall from 
the dim past of 1937 Bohr’s firm opinion, when he was asked for comment 
upon the then entirely geometrical relativistic cosmologies of the day, that 
we would understand the universe as a whole only when we understood in 
depth the nature of the fundamental particles; the trouble was that there 
was as yet no recognized context which the two subjects shared. Now we 
have found that context (if we are right) in the early expansion and—a 
straightforward interpretation of evidence now at hand— in the unex- 
pected uniformity and isotropy of early matter as a whole. 

The history of particle physics is an account of splendid successes, old 
and new, and of shortcomings and limitations too, to be expected in any 
single work of our finite species. They built a city shining upon a hill, they 
who half a century ago founded the quantum mechanics of particles and 
fields, and the design of this city is understood best through Niels Bohr. 


Some Closing Reflections 


A. P. French 


In 1885, when Niels Bohr was born, a number of scientists (although 
admittedly a minority) still considered atoms to be no more than a theoreti- 
cal recipe for organizing our experience. For example, the chemist August 
Kekulé (of benzene-ring fame) once said, “The question of whether atoms 
exist or not has but little significance from a chemical point of view; its 
discussion belongs rather to metaphysics.” And Bohr was already more than 
ten years old when the electron was discovered, and with it the beginning of 
an awareness that the structure of matter must be wildly different from 
anything hitherto imagined. The discovery of the quantum — not to speak 
of the mystery of radioactivity — added further complexity to a confused 
and confusing situation. Most physicists did not realize it, but their tradi- 
tional ways of modeling nature in classical and largely mechanical terms 
were doomed to failure when it came to the atom. Only someone who had 
the genius and the courage to introduce radically new ideas would be able to 
usher in a new physics that was adequate to the situation. As we know, it fell 
to Niels Bohr to accomplish this. 

The great Rutherford had of course set the stage with his discovery of the 
nucleus, but it was astonishing to see how quickly Bohr built on that 
discovery. As we have seen, even before he began thinking about electron 
orbits, he had conceived the idea that the nucleus and its electric charge were 
the clue to the existence of physically different but chemically identical 
atoms — what Frederick Soddy later called “isotopes.” Bohr was, in fact, 
too far ahead of the evidence for Rutherford, who urged caution and so, 
pethaps, denied Bohr the credit for being the discoverer of isotopy. But 
Bohr apparently felt no grudge and, although he could not have known it, 
glory in plenty awaited him. 

It is not my purpose here to recapitulate what has been so amply pre- 
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Physicists from all over the world 
came to Copenhagen to work with 
Niels Bohr and spread his way of 
thinking, and naturally I do the 
same, having worked there for five 
years. But I think it is quite wrong to 
regard the Copenhagen School as an 
establishment set on perpetuating the 
views of its founder. Bohr’s views 
have been debated and criticized for 
half a century, and no alternative has 
seriously shaken them. Newton may 
be accused of having suppressed the 
wave theory of light, simply by his 
great prestige and by not sharing the 
view of his older contemporary, the 
Dutchman Christian Huygens. Will 
the future level a similar accusation 
against Bohr? I doubt it; but only the 
future can tell. 
©. R. Frisch, 
What Little I Remember, 1979 
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sented and discussed in this book, but rather to consider what sort of a man 
this was who changed the face of physics — not once but twice, or perhaps 
more than that. He was, it is clear, a daring innovator; yet as John Heilbron 
has described in his article, Bohr’s way was to keep all the facts in the 
picture, and never to discard without good reason. According to a well- 
known story, the young Bohr, age eleven, was given an assignment at 
school to draw a certain house with a fenced garden. Niels’s drawing was 
extremely precise: gables and roof peaks receded in perfect perspective, and 
trees were drawn in exquisite leafy detail. When he came to the fence, Niels 
broke off drawing long enough to run up to count the actual pickets, lest his 
drawing depart in any significant way from the reality it depicted. This 
insistence on keeping in touch with all the facts of nature became a life- 
long characteristic. Because of it, Bohr never wandered, as Einstein did in 
his later years, into isolated areas of thought which, however elegant and 
beautiful, were not ultimately fruitful. 

Nevertheless, Bohr’s deep philosophical concern with the process of 
knowing and describing nature was ignored or dismissed by a large frac- 
tion of physicists. Quantum mechanics, once developed, was a supremely 
successful tool for analyzing atomic and nuclear phenomena. What need 
was there to worry about what might seem to be academic, even metaphysi- 
cal questions? But for Bohr, such concerns were absolutely basic. For him 
the central problem was to locate the boundary separating the subject doing 
the thinking from the object of the thought. In his 1929 essay “The Quan- 
tum of Action and the Description of Nature,” Bohr refers to the situation 
of someone in a darkened room trying to orient himself with the help of a 
stick. “When the stick is held loosely, it appears to the sense of touch to be 
an object. When, however, it is held firmly, we lose the sensation that it ts a 
foreign body, and the sensation of touch becomes immediately localized at 
the point where the stick is touching the body under investigation.” This 
problem of setting boundaries appears in its sharpest form, as Aage Petersen 
has discussed, when we think about our own thinking activity. Here 
subject and object appear to alternate in an infinite regression, Bohr was 
fascinated by the presentation of the dilemma in Paul Moller’s fable Tale of a 
Danish Student. A student, contemplating his consciousness at work consid- 
ering itself, is dismayed by the vision: “In short, thinking becomes dramatic 
and quietly acts out the most complicated plots with itself, and the spectator 
again and again becomes actor.” Bohr would quote this sentence often in 
later years. 

This might have seemed a topic which, however interesting as abstract 
philosophy, had little to do with the sharp-edged realities of quantitative 
physical measurements. But more and more we have come to see the 
profundity of Bohr’s insights in such matters. He would insist that physics 
does not deal with nature per se, but only with what we can say about 
nature; language, and the limitations of language, are forever present. And 
when it comes to an actual process of measurement, and the choice of a line 
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of demarcation between observer and observed, then real and testable 
consequences emerge, as in the delayed- choice interference experiments for 
photons, which have shown that, in this matter at least, Bohr was right and 
Einstein was wrong. When Einstein declared his conviction that God does 
not throw dice, Bohr’s response was that we can know only what observa- 
tion tells us, and (as Heisenberg has quoted him) it is not our business to 
prescribe to God how he should run the world.” 

Nothing could be further from the public stereotype of the scientist than 
Bohr’s life and personality. Both professionally and personally, he radiated 
warmth and humanity. The physicists who as young men came to Copen- 
hagen to work with Bohr speak of his having shaped their characters as well 
as their minds. Contrary to the image of the theorist as solitary thinker 
(which indeed was largely correct for Einstein), Bohr could not function 
without constant interaction and exchange with others. By endless, pas- 
sionate, occasionally boisterous discussions, he groped his way forward to 
an understanding of how things must be. In the process, he made an 
indelible mark on scores of others. Otto Frisch has recalled the quality of 
those sessions: “The most personal contacts we had on those frequent 
occasions when Bohr had invited a number of us out to Carlsberg where, 
sipping our coffee after dinner, we sat close to him— some of us literally at 
his feet, on the floor —so as not to miss a word. There, I felt, was Socrates 
come to life again, tossing us challenges in his gentle way, lifting each 
argument onto a higher plane, drawing wisdom out of us which we didn’t 
know was in us (and which of course wasn’t). Our conversations ranged 
from religion to genetics, from politics to art; and when I cycled home 
through the streets of Copenhagen . . . I felt intoxicated with the heady 
spirit of Platonic dialogue.” Through such experiences, Bohr instilled and 
transmitted a whole attitude to physics and to life that has had a lasting 
influence on the scientific world. 

When one looks at Bohr’s personal achievements in the theory of the 
atom, in the fundamentals of quantum mechanics, and in nuclear physics, it 
is plain that he did more, probably, than any other single person to create 
what we call modern physics. And yet there is a strong temptation to agree 
with Sir George Thomson’s comments (quoted at the very beginning of 
this book): “[Bohr] led science through the most fundamental change of 
attitude it has made since Galileo and Newton, by the greatness of his 
intellect and the wisdom of his judgments. But quite apart from their 
unbounded admiration for his achievements, the scientists of all nations felt 
for him an affection which has perhaps never been equalled. What he was 
counted for even more than what he had done.” It would; however, be 
pointless and inappropriate to try to analyze or assess that final judgment. 
We only hope that in this book we have managed to do justice to both of 
these aspects of a very great man. 


It was no wonder that so many 
eminent natural scientists emerged 
from his classes. He was one of those 
rare teachers who know how to 
apply caution and, if necessary, force, 
to the task of liberating the 
slumbering genius in each man’s 
mind. Like Socrates, whose 
expression of thought through 
dialogue he considered exemplary, 
Bohr was a midwife of ideas. 
C. F. von Weizsacker, quoted in 
Robert Jungk, Brighter Than a 
Thousand Suns, 1956 
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Glossary 


Absorption edge A sharp transition between slight and strong absorption of X 
rays in a given substance as the X-ray wavelength is changed. Strong absorption 
sets in when the X-ray photon energy hv = he/A) exceeds a certain threshold 
value, somewhat similar to the critical excitation of atoms by electrons. See also 
Franck-Hertz experiment. 

Action A technical term, introduced into classical mechanics in 1747 by Pierre de 
Maupertuis, to denote a product of mass, velocity, and distance. Planck’s con- 
stant, h, has these same dimensions and was identified as a “quantum of action” 
in the early development of atomic dynamics. See also Planck’s constant. 

Adiabatic principle This principle, formulated by Paul Ehrenfest in 1913, asserts 
in effect that one allowed motion of a system can be converted into another 
through a slow, smooth (adiabatic) change. In such a change, certain identifiable 
quantities (adiabatic invariants) may be conserved. For example, if the string of a 
pendulum is very slowly shortened, the ratio of energy to frequency remains 
constant. Such considerations were very important in the development of atomic 
mechanics. 

Alpha particle (alpha rays) One of the three types of radiation (the others being 
beta rays and gamma rays) discovered in early studies of radioactivity around 
1900. Rutherford showed that alpha particles were helium nuclei, which are 
made up of two protons and two neutrons tightly bound together. 

Angstrom unit (A) A unit of length equal to one ten-billionth (10~°) of a meter. 
Radii of individual atoms, and interatomic distances in solids, are on the order of 
1 A. Anders J. Angstrom (1814-1874) was a Swedish physicist whose spectro- 
scopic data were a major source of information for Balmer, Rydberg, and others. 

Angular momentum A fundamental dynamical quality in both classical and 
quantum mechanics. It is basically the measure of a linear momentum (mv) 
multiplied by its lever arm with respect to a certain center; thus, fora particle ina 
circular orbit we have | = mur. In addition to such “orbital angular momen- 
tum,” there may be intrinsic angular momentum, or “spin.” In quantum me- 
chanics the natural unit of angular momentum is h/2z, often denoted 4. 

Antiparticle A particle of the same mass as a “normal” particle, but with the 
opposite sign of electric charge, magnetic moment, and so on. Every fundamen- 
tal particle (such as an electron, proton, or neutron) has an antiparticle counter- 
part. 

Artificial radioactivity The relatively short-lived radioactivity of unstable nu- 
clei produced through nuclear reactions and bombardments. To be contrasted 
with the long-lived “natural radioactivity” of sequences of heavy elements de- 
scended from isotopes of uranium and thorium. 

Atomic number The ordinal number of an atomic species in the periodic 





classification, starting with hydrogen as number 1. It is equal to the number (Z) 
of protons in the nucleus of the atom. 

Atomic volume A relative measure of the size of an atom of a particular element, 
as given by the atomic weight divided by the density of the element in its fully 
condensed (solid or liquid) state. This ratio gives a measure of the total volume 
(in cubic centimeters or milliliters) occupied by 6 X 10” atoms (Avogadro’s 
number). 

Atomic weight (A) This is the mass of an individual atom of a given chemical 
species, expressed as a multiple (not an integer) of a chosen “atomic mass unit” 
(a.m.u.). The current unit is one-twelfth of the mass of the carbon isotope C” 
that contains 6 protons and 6 neutrons. (The mass number is the exact integer 
closest to A and equals the total number of protons and neutrons in the atom, 

Aufbauprinzip This German phrase, meaning “building-up principle” has be- 
come part of the universal language of physics. The Aufbau is the imagined 
process by which electron systems of massive atoms are constructed by successive 
addition of electrons to lighter atoms. At the same time, the central nuclear 
charge is increased to maintain the electrical neutrality of the atom as a whole. 

Balmer series The series of lines in the optical spectrum of atomic hydrogen 
whose wavelengths were fitted to the formula A, = Ao[n?/(n? — 4)] by Johann J. 
Balmer in 1885 and which gave Niels Bohr a vital clue in the development of his 
theory of atomic structure. Expressed in terms of the radiation frequencies 
v = c/A), the Balmer formula becomes 


1 1 
ene (5 7 3 

Bell’s theorem This theorem, developed by John S. Bell in 1964, proves that 
observable discrepancies must exist between the predictions of the generally 
accepted form of quantum mechanics and the predictions from theories of local 
causality (hidden variables). The experimental evidence supports the standard 
quantum theory. 

Beta decay The process by which an unstable nucleus is converted to a more 
stable one through the emission of a beta particle (negative electron) and a 
normally unobservable neutral particle (an antineutrino). The product nucleus is 
one unit higher in atomic number (nuclear charge) than the parent. 

Beta particle (Beta rays) Early studies of natural radioactivity around 1900 
revealed the emission of streams of negatively charged particles (as shown by 
their deflection by a magnet). They were subsequently shown to be identical 
with electrons. However, the term “beta particle” is kept to describe an electron 
emitted from a nucleus in the process of beta decay, in contrast to the extranu- 
clear electrons that exist stably in all atoms. 

Binding energy The energy that must be supplied to remove a particle com- 
pletely from a system (for example, an electron from a neutral atom or a neutron 
from a nucleus). 

Black-body radiation The continuous spectrum of radiation emitted by a body 
which, when cold, is a perfect absorber (perfectly black) at all wavelengths. The 
successful fitting of the observed spectrum with a theoretical formula by Max 
Planck in 1900 was the beginning of quantum theory. 

Bohr atom The original form of atomic model devised by Niels Bohr, with 
electrons in circular orbits around a central nucleus. 
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Bohr-Sommerfeld theory The elaboration of the original Bohr model by 
Arnold Sommerfeld to include elliptic orbits and other characteristics. 
Bose-Einstein statistics See Quantum statistics. 
Boson A particle that obeys Bose-Einstein statistics. See Quantum statistics. 
Breit-Wigner formula Probably the most famous formula in nuclear physics. 
Developed in 1936 by Gregory Breit and Eugene Wigner, it gives the theoretical 
variation of the cross-section (a) for a nuclear process as a function of bombard- 
ing energy E when the compound nucleus has a well-defined resonance at a 
certain energy E;: 
~ 1 . 1 
oO EE P+ 
where v is the speed of the bombarding particle and I" is the “width” of the 
resonant state. See also Cross-section; Resonance; Width. 

Classical mechanics (Newtonian mechanics) The whole scheme of theoreti- 
cal dynamics based on the concept of particles traveling in precisely definable 
trajectories according to Newton's laws of motion. 

Cloud chamber The first device that made visible the tracks of fast-moving 
atomic or nuclear particles. Invented by C. T. R. Wilson in 1911, it exploited the 
fact that a supersaturated vapor condenses preferentially into droplets along the 
trail of ionization caused by a fast particle. 

Combination principle A principle developed empirically around 1900 by J. R. 
Rydberg and Walter Ritz, stating that the wave-numbers (reciprocal wave- 
lengths) of the lines in the spectrum of an element can all be expressed as 
differences between members of a limited number of “terms.” With the develop- 
ment of Bohr’s theory it becamie clear that these “terms” corresponded to the 
discrete energy levels of the atom. 

Commute To commute is to exchange. In mathematics, certain operations 
commute —that is, the result is independent of the order in which they are 
taken — and others do not. For example, (x?)> = (x3)? so the operations of suc- 
cessively squaring and cubing commute. But x(d/dx) [ f(x)] is not equal to (d/dx) 
[xf()], so the operations of multiplying by x and differentiating with respect to x 
do not commute. In quantum mechanics, observables that are represented by 
operators that commute can simultaneously have well-defined values; observ- 
ables represented by noncommuting operators cannot. See also Observable. 

Complementarity The existence of different aspects of the description of a 
physical system, seemingly incompatible but both needed for a complete de- 
scription of the system. In particular, the wave-particle duality. See also Duality. 

Compound nucleus A short-lived, excited state of the nucleus formed by the 
collision of two lighter particles (one of which may be a single neutron or 
proton). The compound nucleus may break up again into the particles that 
formed it, or disintegrate in some other way, or fall into its stable (ground) state 
through emission of gamma radiation. 

Compton effect The collision of an X-ray photon with an electron as if both 
were simple particles. In the process, the electron picks up kinetic energy from 
the photon; the result is that the scattered X rays have lower quantum energy and 
hence longer wavelength than originally. The effect was discovered by Arthur H. 
Compton in 1922. 

370 Compton wavelength A length that characterizes the change of X-ray wave- 
length in the Compton effect. It is given by h/mc, where h = Planck’s constant, 


m = electron mass, and c = speed of light. Numerically, it equals 2.4 X 10~ 
cm. 

Conductivity The ability of a material to transport heat or electricity €lectric 
current). The rate of transport is characterized by a coefficient K (thermal 
conductivity) or @ (electrical conductivity). The larger the value of K or a, the 
greater the rate of transport under a given temperature gradient or potential 
gradient (electric field). 

Conservation In physics, the condition that certain properties of a system re- 
main unaffected by internal changes in the system, provided that the system does 
not interact with its surroundings. Prime examples are conservation of momen- 
tum, total energy, and electric charge in a system of two colliding particles. 

Correspondence principle The guiding principle, developed and extensively 
exploited by Bohr, according to which the predictions of quantum mechanics 
should not conflict with those of classical theory in the domain in which the 
latter are known to be valid. Typically this means situations involving high 
quantum numbers where the effects of quantization can become relatively un- 
important. 

Coulomb barrier See Potential barrier. 

Coulomb force The basic force between electric charges, which decreases as the 
inverse square of the distance between them. 

Cross-section The effective target area presented by a particle to an incoming 
beam of radiation or other particles. It is not a unique quantity; it depends on the 
details (for example, the energy and type of incident particles) of the process 
involved. 

Curie’slaw This law, formulated by Pierre Curie in 1895, states that the magnetic 
susceptibility of a paramagnetic substance varies inversely as the absolute (Kel- 
vin) temperature, T: See also Magnetism; Susceptibility. 

De Broglie waves The waves, of wavelength h/p (where h = Planck’s constant, 
and p= momentum), which Louis de Broglie, in 1924, hypothesized to be 
associated with any kind of particle. 

Degree of freedom A dynamically independent coordinate in the description of 
motion. For example, a point particle has three degrees of freedom for transla- 
tional motion; an extended rigid body has three additional degrees of freedom 
—three mutually orthogonal axes— for rotation. 

Deuterium (deuteron) The isotope otherwise known as “heavy hydrogen.” Its 
nucleus contains one proton and one neutron, which makes deuterium about 
twice as massive as the ordinary atomic hydrogen. A deuteron is the singly 
charged ion resulting from the removal of the electron from a neutral deuterium 
atom. It is a very important form of bombarding particle in nuclear physics. 

Diamagnetism See Magnetism. 

Direct reactions Nuclear reactions that take place without involving an inter- 
mediate compound-nucleus stage. See also Compound nucleus. 

Dispersion The splitting of white light into different colors by a prism or other 
such device. This effect, due to a variation of refractive index with wavelength, 
can be used to make inferences about the number of electrons per atom; hence, it 
was important in the development of atomic theory. 

Dispersion relations Mathematical relations connecting the scattering and ab- 
sorptive components of the interaction of light (or other radiation) with matter. 
The relations involve considerations of causality in physical processes. 

Duality The phenomenon by which, in the atomic domain, objects exhibit the 
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properties of both particles and waves, which in classical, macroscopic physics 
are mutually exclusive categories. 

Eigenvalue A hybrid German-English word, meaning “proper value” or “char- 
acteristic value,” that has become embedded in the language of mathematical 
physics. In quantum mechanics it denotes a specific allowed value of energy, 
angular momentum, and so on. 

Eightfold way A classification scheme for elementary particles, based on group 
theory and developed independently by Murray Gell-Mann and Yuval Ne’eman 
in 1961, that showed how selected groupings of eight or ten different particles 
could be understood as different combinations of three basic entities (quarks). See 
also Group theory; Quark. 

Electric field A measure of the condition, at any given point in space, that 
defines the magnitude of the force exerted on a stationary electrically charged 
particle at that point. The source of any such electric field is electrically charged 
particles elsewhere. 

Electromagnetism The study of the related phenomena of electricity and mag- 
netism. The adjective “electromagnetic” refers to combined electric and mag- 
netic effects, as in “electromagnetic wave.” See also Maxwell's equations. 

Electron The fundamental negatively charged particle that is a constituent of all 
atoms. Its charge (—e) is —1.6 X 107 coulomb and its mass is 9.1 X 10 kg. 
(1/1,840 of the mass of a hydrogen atom). 

Electron radius A length, often called the “classical electron radius,” con- 
structed from the values of electron charge (¢), electron mass (m) and the speed of 
light @. These quantities, in the combination e?/mc?, define a length 
fyo = 2.8 X 10-8 cm, which features in the theoretical cross-section for scatter- 
ing of electromagnetic waves by free electrons. (The electron is believed, how- 
ever, to have negligible or zero true extension.) See also Cross-section. 

Electron theory of metals The theory that the characteristic properties of 
metals (especially their high electrical and thermal conductivities) can be inter- 
preted in terms of vast numbers of freely moving electrons (roughly one per 
atom) inside the metal. Insulators do not have such free electrons. 

Electron volt (€V) An amount of energy equal to that acquired by an electron (or 
any other particle carrying one unit of the elementary charge ¢) in falling 
through an electric potential difference of one volt. Numerically, 1 
eV = 16 X 107 Joule. The electron volt is a highly convenient energy unit in 
atomic physics. In nuclear physics the MeV (million electron volts) is more 
suitable as a unit for describing energy changes. 

Energy density The amount of energy per unit volume— in particular, the 
energy associated with electric or magnetic fields, or with their combination in 
electromagnetic radiation. 

Energy level A more or less sharply defined energy state of an atomic or nuclear 
system. 

Equivalence principle The famous principle, enunciated by Einstein in 1911, 
that over a limited region the effects of gravitation and of being in an accelerated 
frame are indistinguishable. This was the basis of his general theory of relativity. 

Even-even nucleus A nucleus containing even numbers of both protons and 
neutrons. 

Even-odd nucleus A nucleus containing an even number of protons and an odd 
number of neutrons. (In an “odd-even” nucleus, there are an odd number of 
protons and an even number of neutrons.) 





Exchange force A type of force describable in terms of the continual exchange 
of some entity between two interacting partides. (A crude macroscopic example 
would be a situation in which a ball is chrown back and forth between two 
ice-skaters, who would be pushed apart as a result.) 

Excitation The process of raising an atomic or nuclear system above its state of 
lowest energy —the “ground state.” Excitation energy is the energy needed to 
raise a system (atom, nucleus, and so on) from its ground state to a given excited 
state. An excited state is any state of an atom or nucleus having a higher energy 
than the ground state. 

Exclusion principle The principle (first arrived at empirically by Wolfgang 
Pauli in 1925 from studies of spectral data) that no two electrons can occupy the 
same quantum state and hence have all their quantum numbers in common. 

Faraday rotation The rotation of the plane of polarization of light that passes 
through a transparent medium placed in 2 strong magnetic field along the 
direction of the beam. Discovered by Michael Faraday in 1845. 

Fermi-Dirac statistics See Quantum statistics. 

Fermion A particle that obeys Fermi-Dirac statistics. See also Quantum statistics. 

Field theory A generic name for amy theory that describes interactions between 
particles in terms of fields of force that exist throughout space (2s contrasted 
with acnon-at-a-distance theories). 

Fine structure What mzy appear. im a spectroscope with low resolution, t be 
light of a single wavelength will often (usually) be seen under higher resolution 
to consist of several closely spaced components, with wavelengths differing by 2 
few parts in a thousand. A prime cause of this “fine structure” is a separation of 
the energy levels hzving the same “principal quantum sumber™ « but differenx 
subsidiary quantum sumibers. See also Hyperfine structure. Quantum oumber. 

Fine-structure constant The fine-structure constant, @, « 2 dimensionless 
quantity (2 pure number} given by the combination 22e7/lx = /iad of funda- 
mental constamts. Its numerical value is close to 1/137. 

Fission The process in which the nuceus of 2 heavy atom (near the top end of the 
pervodsc table) splits, eather spontaneously or under external stumuls, into two 
usually unequal) fragments plus other debris (motably one of two surplus new- 
troms). Ser also Width. 

Fourier coefiscient A number (fraction) giving the relative srength of 2 particu 
lar harmonic when 2 complicated periodic phenomenon (for example, 2 given 
Tie 206 ie, age pana am Seta 
be analyzed in this way. 

Hertz (1914) that revealed the existence of discrete energy lewels in atoms. Elec- 
trons wath less than 2 certain threshold energy were shown not to lose amy energy 
when they colladed with mercury atoms. 

Free emergy The maximum amount of energy that is available in the form of 


Usually measured im reciprocal seconds (the unit now known as the Hertz) 
nn The lowes: characteristic frequency of 2 pirysical sys 


neater The name originally goven to the mon penetrating of the theer 
types of radzenom found to be emuatted from radioactive substances. Gamume rars 
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are electromagnetic radiation (like light) but are shorter in wavelength by factors 
ranging from thousands to millions. The term is still kept to describe electro- 
magnetic radiation emitted from an atomic nucleus, in contrast to the light or X 
rays emitted in quantum jumps of extranuclear electrons. See also Alpha particle; 
Beta particle. 

Geiger-Miiller counter An early form of particle detector, developed by Hans 
Geiger and Walther Miller in 1928, that undergoes a measurable electric dis- 
charge when a charged particle passes through it. 

Grand unified theories (GUTs) Theories aiming to establish that the strong 
interactions, the electromagnetic interactions, and the weak interactions are 
different aspects of one fundamental force. Their ultimate goal would be to 
incorporate the gravitational interaction in this same scheme. 

Group theory A generic name for theories based upon self-contained groups of 
mathematical operations — basically symmetry operations such as reflection or 
rotation — which correspond to the symmetry properties of physical systems. A 
group may have a very direct geometrical interpretation (for example, in crystal- 
lography) or be quite abstract (as in the theoretical classification of elementary 
particles). 

Hamilton-Jacobi theory A particular formulation of the general equations of 
particle dynamics, developed by W. R. Hamilton (1805-1865) and C. G. J. Jacobi 
(1804 - 1851). The quantity “action” figures prominently in this approach, which 
helps make the connection between classical and quantum mechanics. See also 
Action. 

Harmonic oscillator A basic physical system, typified classically by a mass 
attached to a spring, that oscillates harmonically (sinusoidally) with time. 

Heavy hydrogen The hydrogen isotope of mass 2, also called deuterium (D). 

Heavy water Water in which the hydrogen atoms are deuterium (heavy hydro- 
gen) instead of ordinary hydrogen. It is given the chemical formula DO (as 
contrasted with H,0). 

Hidden variables Possible physical variables that may help define the state of a 
system but whose existence has not been demonstrated. Postulated by those, in 
particular David Bohm, who have shared Einstein’s dislike of a seemingly ines- 
capable random element in atomic processes. 

Hole theory One aspect of P. A. M. Dirac’s relativistic theory of electrons, 
according to which a hole in the otherwise completely filled “sea” of negative 
energy states behaves as a positive particle. See also Positron. 

Homologue In chemistry, one of a number of substances having similar proper- 
ties but a regular difference in mass or structure (for example, the hydrocarbon 
series methane, ethane, propane, and so on). Also used to describe elements 
belonging to the same group of the periodic system. See also Periodic system. 

Hyperfine structure A subdivision of a spectral line into several components on 
a still smaller scale than that of the fine structure. A prime cause of hyperfine 
structure is the magnetism of nuclei. See also Fine structure. 

Ideal gas A gas for which the pressure multiplied by volume divided by absolute 
temperature (pl/T) is a constant for a given mass of the gas. This relation is to be 
expected theoretically for a system of identical, perfectly elastic, pointlike parti- 
cles that have no long-range interaction with one another. 

Induced emission (stimulated emission) The emission of radiation by an 

374 excited atom under the influence of other radiation falling upon it. This process 


is the basis of the action of a laser (light amplification by stimulated emission of 
radiation). 

Interference The process by which waves of the same wavelength and frequency, 
coming from two or more sources that have a defined phase relationship, will 
reinforce one another at some places and will tend to cancel one another at other 
places. Interference fringes are the pattern of regions of enhanced and diminished 
intensity resulting from interference. 

Ionization The process of removing one or more electrons from a neutral atom, 
converting the latter into a positively charged “ion.” 

Isomer In chemistry, one of two or more compounds having identical chemical 
compositions but different properties (for example, the sugars fructose and 
glucose). Nuclear isomers are nuclei having the same numbers of neutrons and 
protons but different radioactive decay modes. Essentially they are just different 
energy states of the same nucleus, but happen both to be fairly long-lived. 

Isotope From the Greek iso (same) and topos (place). The name given to different 
atomic forms that have the same atomic number (Z) and are essentially identical 
in chemical behavior. They are atomic species of the same element, differing 
only in the number of neutrons in the nucleus. 

Kinetic energy The energy that an object has by virtue of its motion, over and 
above any energy that it has at rest. 

Klein’s paradox A paradox proposed by Oskar Klein in 1929 after P. A. M. Dirac 
had published his relativistic quantum theory of electrons, which implied the 
existence of seemingly unreal negative energy states. Klein argued that, if such 
states existed, electrons in positive energy states could fall into them. It was later 
concluded that such states did exist but were normally all filled and therefore 
unavailable. See also Exclusion principle. 

Lamb shift A small correction required by quantum electrodynamics (QED) to 
the energies of certain states in atomic hydrogen as calculated from ordinary 
(nonrelativistic) quantum mechanics. The verification of this shift by W. E. 
Lamb and R. C. Retherford in 1946 was a clear demonstration of the correctness 
of QED. See also Quantum electrodynamics. 

Laser See Induced emission. 

Lifetime The average time for which an unstable atomic or nuclear state survives 
before it decays by disintegration or emission of radiation. 

Liquid-drop model A theoretical model of the nucleus that likens it to a droplet 
of liquid. The forces between neutrons and protons have many remarkable 
resemblances to the forces between the molecules in a liquid, even though the 
scales of distance and force strength are very different. 

Lorentz force The force exerted on a charged particle when it moves in a 
magnetic field. The force acts perpendicularly to the particle’s velocity and is 
proportional to the magnitude of the velocity. 

Magnetic field A measure of the condition, at any given point in space, that 
defines the magnitude of the force exerted on an element of electric current at 
that point (and which vanishes if the current stops). The source of any such 
magnetic field is electric charges in motion elsewhere. 

Magnetic moment A measure of the strength of the equivalent bar magnet 
represented by the circulating and/or spinning electric charges in an atomic or 
nuclear system. 

Magnetism A property of matter that describes its ability to generate a magnetic 
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field (as in a bar magnet) or its response to a magnetic field externally applied. 
Diamagnetism is a fundamental tendency of all atoms to be repelled by a magnet. 
Paramagnetism is a tendency of some kinds of atoms to be attracted by a magnet. 
Where paramagnetism exists, it completely swamps the diamagnetic tendency. 

Magneton (Bohr magneton) A natural atomic unit of magnetism equal to 
eh/4mmc (where e = elementary charge, h = Planck’s constant, m = electron 
mass, ¢ = speed of light). 

Malus’s law An originally empirical result in optics: the intensity of light emerg- 
ing from two polarizing devices in sequence is proportional to the square of the 
cosine of the angle between their polarization axes. Discovered by E. L. Malus in 
1808. 

Mass defect Not an imperfection, but simply a technical term for the arithmeti- 
cal difference between the mass of an isotope (measured in atomic mass units) 
and its mass number, A, an integer equal to the total number of neutrons and 
protons in the atom. 

Matrix mechanics The particular formulation of quantum mechanics, based on 
the properties of mathematical matrices, that was developed by Werner Hein- 
senberg beginning in 1925. 

Maxwell-Boltzmann law A theoretical law, developed by James Clerk Maxwell 
(1831-1879) and Ludwig Boltzmann (1844 - 1906), governing the distribution of 
speeds of gas molecules at different temperatures. The law states that the distri- 
bution of energies for a collection of particles in thermal equilibrium is governed 
by the factor exp (—E/kT), where E is the energy, T the absolute temperature, 
and k the Boltzmann constant. In the original application of the law to gases, E 
was simply the kinetic energy ¥2 mv? of molecular motion, but the Boltzmann 
factor applies more generally. For example, in the analysis of the distribution of 
orientations of magnetic atoms in a magnetic field, one has E = —yB cos 0, 
where i is the magnetic moment, B the magnetic field strength, and 6 the angle 
of the magnetic moment to the field direction. 

Maxwell’s demon A hypothetical hobgoblin, invented by James Clerk Maxwell, 
which by operating a frictionless shutter separating two halves of a container of 
gas could cause faster molecules to accumulate on one side and slower molecules 
on the other, thus creating a temperature difference without doing work, in 
violation of the second law of thermodynamics (the law immortalized by C. P. 
Snow in his Two Cultures). 

Maxwell’s equations A set of four equations, embodying all the fundamentals of 
classical electromagnetism, presented in organized form by James Clerk Max- 
well in 1864. They describe (1) Coulomb’s law of electrostatics; (2) the absence of 
magnetic monopoles; (3) Faraday’s law of electromagnetic induction (the associ- 
ation of an electric field with a changing magnetic field); and (4) “Maxwell’s 
induction law” (the association of a magnetic field with a changing electric 
field). Using these, Maxwell proved that light is an electromagnetic wave. 

Mean free path The average distance between successive collisions for particles 
traveling through a region occupied by other particles (such as molecules ina gas, 
or free electrons in a metal). 

Measurement theory The detailed theory of actual measurements in quantum 
mechanics, as distinct from the probabilistic statements that apply to physical 
systems in the absence of an act of observation. 

Microwaves Electromagnetic radiation in the wavelength range from about 1 
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mm to 10 cm. The cosmic background radiation, believed to be the remnant of 
the “big bang” in which our universe originated, has a mean wavelength of about 
1 mm, corresponding to a current temperature of about 3° Kelvin. 

Model In physics, the word “model” normally means a particular mathematical 
or theoretical representation of a physical system, since in atomic and nuclear 
physics our macroscopic pictures of objects have little or no application. 

Moderator A body of liquid or solid material in which neutrons are slowed down 
by multiple collisions. See also Neutron. 

Momentum (linear momentum) The product of mass and velocity for a 
moving object. 

Monochromatic Being all of the same wavelength or frequency (as applied 
particularly to light or other electromagnetic radiation). 

Monomer A chemical unit of relatively low molecular weight from which poly- 
mers may be formed. See also Polymer. 

Muon A charged particle about 200 times as massive as the electron, but other- 
wise closely resembling it as a carrier of the weak nuclear interaction. See also 
Weak interaction. 

Neutrino A neutral particle of negligible (or perhaps zero) mass, postulated by 
Wolfgang Pauli in 1931 as an unobservable companion of the electron in beta 
decay, and whose existence would allow energy and angular momentum to be 
conserved in this process. It was finally detected unambiguously in 1956 by 
Clyde Cowan and Frederick Reines. 

Neutron An electrically neutral particle of almost the same mass as the proton 
(but slightly heavier). If one chooses to ignore their substructure, neutrons and 
protons can be regarded as the fundamental constituents of all atomic nuclei. 
Fast neutrons, in the accepted idiom of nuclear physics, are neutrons with kinetic 
energies on the order of MeV (millions of electron volts). Slow neutrons are 
neutrons with energies on the order of eV or less. Thermal neutrons are neutrons 
reduced to thermal energies (on the order of 1/40 eV) through multiple collisions 
with atoms in a body of material (a moderator) at room temperature. 

Newton’s bucket The subject of a famous experiment performed by Isaac New- 
ton to demonstrate (as he believed) the absolute character of rotation, from the 
fact that the surface of the water in the bucket, initially flat, became concave 
when it took up the rotation. 

Nicol prism A device, constructed from a crystal of calcite, that acts like a piece 
of Polaroid sheet in producing linearly polarized light from an unpolarized 
beam. Invented by William Nicol (1768-1851). 

Noble gas A member of the series helium, neon, argon, krypton, xenon, radon 
also known as the “rare” or “inert” gases). Called “noble” because, possessing 
fully completed electron shells, these elements form almost no associations 
through chemical combination with other atoms. 

Nucleosynthesis The process of building up heavier nuclei from lighter ones as a 
result of thermonuclear reactions in the interiors of stars. 

Nucleus The central core of an atom. It is composed of neutrons and protons and 
carries more than 99.95 percent of the mass of any type of atom, but is confined 
to a region representing less than about 1/10,000 of the diameter of the atom. 

Observable A physically observable (measurable) attribute of a system, associated 
in quantum mechanics with a specific operator. See also Operator. 

Operator Fundamentally, any mathematical entity that specifies some manipu- 
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lative procedure. The signs + —, and X are operators, whose use we understand 
in the expressions a + b, a — b,a X b. In quantum mechanics the most common 
operators are (a) in wave mechanics, differential operators such as d/dx or d/dt, (b) 
in matrix mechanics, matrix operators of the kind used in coordinate transfor- 
mations in analytic geometry. 

Packing fraction A quantity equal to 10,000 times an isotopic mass defect, 
divided by the isotopic mass number A. It is a relative measure of the average 
binding energy per neutron or proton in a nucleus. See also Binding energy; Mass 
defect. 

Pair production The creation of an electron-positron pair (or some other combi- 
nation of particle and antiparticle) from the energy of a photon — possible if the 
photon has energy greater than 2mc?. 

Paramagnetism See Magnetism. 

Periodic system (periodic table) A classification of the chemical elements in 
order of ascending atomic weight (with one or two exceptions), arranged so as to 
exhibit a periodic recurrence of similar chemical properties (for example, the 
sequence fluorine, chlorine, bromine, iodine). The first reasonably complete 
version of the periodic classification was devised by Dmitri Mendeleev in 1869. 

Phase A specific stage in a periodic phenomenon (as in the phases of the moon). 
In physics, the phase is measured by an angle between zero and 27 (plus perhaps 
an integral multiple of 27), since 27 radians corresponds to one complete cycle. 

Phase space A mathematical space whose coordinates are the positions (x) and 
momenta (p) of particles. For a single particle moving in one dimension, the 
particle can be considered as located with a “cell” of phase space of area 
Ap: Ax = h, according to the uncertainty principle. See also Uncertainty prin- 
ciple. 

Photodisintegration The disintegration of a nucleus by energetic photons 
(gamma rays or X rays of very short wavelength and energies on the order of 
several MeV). 

Photoelectric effect The ejection of electrons from individual atoms or from 
matter in bulk by incident light or other electromagnetic radiation. 

Photon A quantum of electromagnetic radiation, with energy equal in magni- 
tude to hy, where v is the frequency. This is the smallest possible amount of 
radiant energy at the given frequency. 

Pickering series A series spectrum of singly ionized helium (He*) made up of 
transitions ending on the n = 4 orbit. The spectrum was discovered by E. C. 
Pickering in 1896 in the light from a star, and was ascribed by him to hydrogen. 
Bohr identified its true origin in the second paper of his Trilogy, in 1913. 

Planck radiation formula The theoretical formula, involving Planck’s constant 
h in an essential way, that Max Planck devised in 1900 to fit the spectrum of 
black-body radiation. The formula states that the energy density of radiation 
inside an enclosure at absolute temperature T varies with frequency v according 
to the equation 


8nv? hy 
ss sl i c — exp(hv/kT) — 1 
Planck’s constant (h) This constant, the “quantum of action,” is the quantity 


that underlies all of quantum physics. It has the dimensions of momentum X 
distance or energy X time. It was discovered by Max Planck (1900) in his attempt 
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to explain the spectrum of the radiation from a hot body. Its magnitude is 
6.625 X 10~* joule-sec. See also Action. 

Plasma An almost completely ionized state of matter, developed in electrical 
discharges in gases at low pressure and in matter under similar conditions in 
interstellar space. 

Pockels cell An optical shutter for polarized light, whose action depends on the 
birefringence (double refraction) that can be induced in certain crystals by an 
applied electric field. 

Polarization A state involving some kind of specific orientation in a physical 
system. A substance is said to be electrically polarized if it has a separation of 
positive and negative charge along a particular direction. As applied to light or 
other electromagnetic waves, it refers to the direction of transverse oscillation of 
the electric field of the wave. 

Polymer A substance made up of very large molecules which are, at least approx- 
imately, multiples of units of lower molecular weight (monomers). A polymer 
molecule may be built of hundreds or thousands of monomers. Examples are 
rubber, plastics, and many animal and plant tissues. 

Positive rays A name for the positively charged particles that were observed to 
emerge through a hole in the cathode in a gas discharge tube at low pressure. 
They were identified as atoms stripped of one or more electrons, and “positive 
ray analysis” provided the basis of mass spectroscopy. 

Positron The antiparticle of the electron. It has the same mass but carries a 
positive charge (+e). See also Antiparticle. 

Potential barrier A region of high potential energy that inhibits or prevents 
particles from passing from one side to the other of that region. A particularly 
important case is the Coulomb barrier around a nucleus, due to the repulsion 
between the charge on the nucleus and the positive charge in an incident particle 
(for example, a proton or an alpha particle). 

Proton The fundamental particle that is the nucleus of the hydrogen atom. It has 
charge +e (= 1.6 X 10~ coulomb), diameter about 10-% m, and mass 
1.66 X 10-% kg (about 99.95 percent of the total mass of a hydrogen atom). 
Protons, with neutrons, are the basic constituents of all atomic nuclei. 

Quantization The restriction of the magnitudes of certain quantities (especially 
energy and angular momentum) to values defined in terms of Planck’s constant. 

Quantum A characteristic amount of energy, momentum, angular momentum, 
and so on defined naturally by the finite (nonzero) magnitude of Planck’s con- 
stant, h. The discreteness represented by the quantum is quite negligible in most 
macroscopic systems but is crucial in atomic dynamics. 

Quantum electrodynamics (QED) As the name implies, this is a theory that 
combines quantum theory with electromagnetism. It provides a rigorously cor- 
rect description of all extranuclear atomic phenomena, which depend only on 
electric and magnetic interactions. 

Quantum field theory The theory that deals with the fact that electric, mag- 
netic, and other fields, which classically are continuous, must be treated as 
quantized systems with definite energy states, analogously to atoms. 

Quantum number An integer (or sometimes a half-integer) that characterizes 
some feature of a quantized atomic state. The first example was the quantum 
number n defining the allowed values (nh/27) of the orbital angular momentum 
of the electron in Bohr’s original theory of the hydrogen atom. In atomic physics 


379 


Glossary 





the principal quantum number (n) is the chief determinant of the energy of a state. 
The azimuthal quantum number (k) labels the allowed orbits of different ellipticity 
for the same n in the semiclassical Bohr-Sommerfeld model. The inner quantum 
number (j) is related to the total angular momentum of an orbiting electron. 

Quantum state A specific state of an atomic or nuclear system, characterized by 
specific values of energy, momentum, quantum numbers, and so on. 

Quantum statistics The rules applying to a large collection of identical atomic 
or nuclear particles. There are two distinct categories: (1) Bose-Einstein statistics, 
in which there is no restriction on the number of particles that can occupy the 
same quantum state (that is, have the same energy and the same set of quantum 
numbers). Photons and neutral helium-4 atoms are in this class. (2) Fermi-Dirac 
statistics, in which no two particles can occupy the same quantum state. Such 
particles obey the Pauli exclusion principle. Electrons, protons, and neutrons are 
in this category. See also Exclusion principle. 

Quantum theory Originally restricted to Max Planck’s hypothesis (1900) that 
radiant energy can be transferred only in quanta of magnitude hv (v = fre- 
quency); now applied to the whole of atomic mechanics. 

Quark A family name for the various types of particles that are believed to be the 
ultimate building blocks for all other particles except electrons, muons and 
neutrinos. Quarks are believed to be pointlike particles with electric charges of 
+¢/3 or —2e/3. 

Radiation In its broadest sense, anything that is emitted from a source. In atomic 
physics it means electromagnetic radiation (X rays, ultraviolet radiation, visible 
light, infrared radiation, microwaves, radio waves). In nuclear physics, besides 
electromagnetic waves (gamma rays) it includes alpha rays (helium nuclei) and 
beta rays ¢lectrons). 

Radiation field The electromagnetic field produced by the oscillatory motion 
of electric charges in a source. 

Radioactivity The phenomenon of spontaneous emission of various radiations 
(alpha, beta, or gamma rays) from unstable nuclei. 

Rare earths See Transition group. 

Red shift The shift toward longer wavelengths exhibited by light or other elec- 
tromagnetic waves emitted from a source that is very massive (gravitational red 
shift) or is receding from the observer (Doppler red shift). 

Relativistic quantum mechanics The form of quantum mechanics needed 
when the modifications of mechanics due to special relativity must be taken into 
account. The original quantum mechanics of Heisenberg and Schrodinger was 
“nonrelativistic”; the extension to the relativistic domain was pioneered by 
Dirac in 1928. 

Renormalization A systematic procedure for subtracting away mathematically 
infinite self-energies in atomic and nuclear theory so as to obtain finite and 
physically significant values of various quantities. See also Self-energy. 

Resonance In general, a phenomenon by which an external influence is exactly 
matched to the natural motion of a system; the result is a particularly large 
response (for example, “pumping” a swing). In atomic and nuclear physics, a 
resonance occurs when the total energy of two colliding particles corresponds to 
the energy of a quantized state of the combined system. The resonance is 
characterized by a high probability of interaction at or near that energy. See also 
Breit- Wigner formula. 
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Rest mass The intrinsic mass of an object as measured in its own frame of 
reference. Because mass and energy are equivalent (through Einstein’s equation 
E = mc*), a moving object is more massive because it possesses kinetic energy. 
(In theoretical physics, however, the word “mass” is usually reserved for rest 
mass.) 

Riemann surface An abstract type of surface devised by Bernhard Riemann 
(1826 ~ 1866) for the representation of many-valued functions f(z) of a complex 
variable. For example, if f(z) = re? (i= FA. @ = angle in radians), every change 
of @ by 27 brings one back to the same point in the complex plane. But by 
making a stack of planes (sheets) for successive intervals of 6 (0 — 22, 2x — 4z, 
and so on) and joining them along suitably chosen cuts, one obtains a continuous 
surface (like a spiral ramp) on which each of the identical values of f(z) is 
associated with a different point on the surface, thus dissolving the many-val- 
uedness. 

Rigid rotator An idealized prototype physical system in both classical and 
quantum mechanics. A classical example would be a dumbbell rotating about its 
center; an atomic example would be a diatomic molecule doing likewise. 

Rydberg constant (R) The constant, dimensionally a reciprocal length, that was 
introduced in 1890 by J. R. Rydberg in the numerical representation of the 
wavelengths of series spectra. Its value is about 109,700 cm. 

Scattering A general expression for the process of collision of one atomic or 
nuclear particle with another. Rutherford scattering is the deflection of an incident 
charged particle by the electric field of an atomic nucleus. Double scattering is the 
scattering of a beam of particles at two separate “targets” in succession. 

Selection rules Specific rules, derivable from quantum-mechanical analysis, that 
place definite limitations on the possible changes of quantum numbers for a 
system undergoing a change from one state to another — for example, the tran- 
sition of an atom from a higher state to a lower state through the emission of a 
photon. 

Self-energy The energy possessed by a particle in isolation from all others. 

Shell structure The tendency of electrons outside the nucleus, or of neutrons 
and protons inside the nucleus, to arrange themselves in “shells” corresponding 
classically to the same orbit radius and the same energy for each particle in the 
shell. 

Spectrum The distribution in wavelength of the radiation of different wave- 
lengths emitted by a given type of excited atom or nucleus (or by a collection of 
atoms, as in an incandescent solid). A continuous spectrum is a smooth distribution 
of wavelengths such as is represented by white light or by the thermal radiation 
from a hot body. A line spectrum is a characteristic set of sharply defined wave- 
lengths emitted by individual atoms of a particular element. A series spectrum is a 
set of wavelengths that are described by a single formula with one variable 
parameter (a quantum number). The most famous example is the Balmer series. 
See also Balmer series. 

Spin The intrinsic angular momentum of a particle such as an electron or a 
proton. See also Angular momentum. 

Spin flip The process of inverting the spin angular momentum of particles such 
as electrons, protons, and neutrons, which have only two quantized orientations 
in a magnetic field. 

Spontaneous emission The emission of radiation from isolated atoms in an 
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excited state (that is, a state of higher energy than the ground state). See also 
Induced emission. 

Standard deviation A term from mathematical statistics that describes the 
spread of a set of independent measurements of a quantity about its average 
value. 

Stark effect The splitting of a single spectral line into components of slightly 
different wavelengths as a consequence of placing the source of the light in an 
intense electric field. The effect was first demonstrated in 1913 by Johannes 
Stark. 

State vector A vector in an abstract space (hyperspace) of arbitrarily many di- 
mensions that completely characterizes the state of a system in quantum me- 
chanics. Basically it plays the same role as a wave function but is expressed in 
mathematically very different terms. See also Wave function. 

Stationary state A state of an atomic or nuclear system that exists fora long time 
(as measured on the natural time scale for atomic or nuclear processes) and hence 
has a fairly sharply defined energy in accordance with the uncertainty principle: 
AE = h/Lifetime. See also Uncertainty principle. 

Statistical mechanics The field of theoretical physics that treats of the behavior 
and properties of very large numbers of identical particles. 

Stern-Gerlach experiment A crucial experiment, performed in 1921 by Otto 
Stern and Walther Gerlach, showing that neutral atoms are limited to discrete 
(quantized) orientations with respect to a magnetic field. 

Stopping power A quantitative measure of the effectiveness of a material in 
removing energy (by collisions) from a fast nuclear particle traveling through it. 

Strong interaction The short-range interaction that represents the main force 
that holds nuclei together. 

Superconductivity The property possessed by a number of materials (especially 
metals) of losing their electrical resistance completely below a certain tempera- 
ture, so that, for example, a current once started will continue to flow indef- 
nitely without need for a battery. 

Superluminal Faster than the speed of light in a vacuum (c). Physicists generally 
believe that (in accordance with Einstein’s relativity theory) no real influence 
can travel at a speed greater than c. 

Superposition A basic property of waves, such that the net effect of two or more 
waves is obtained by simply adding (superposing) their separate effects at a given 
point. See also Interference. 

Surface tension The tendency of a liquid surface to contract to its minimum 
possible area. It arises from the force of attraction between molecules. 

Susceptibility A measure of the degree to which a substance can be electrically or 
magnetically polarized by external electric or magnetic fields. 

Symmetry In quantum mechanics, a mathematical property of wave functions, 
which may remain unchanged (symmetric) or reverse sign (antisymmetric) 
under some imagined symmetry operation (for example, replacing x by —4). 
The wave function for a pair of identical particles must be either symmetric or 
antisymmetric with respect to an imagined interchange of the particles— 
symmetric for bosons and antisymmetric for fermions; the latter case embodies 
the exclusion principle. See also Boson; Fermion. 

Thermodynamic equilibrium The dynamic equilibrium of a physical system 


at a given temperature. 


Thermoelectricity The generation of electric voltages and currents through 
temperature differences in a physical system. 

Transition A general term for the process by which a physical system changes 
from one state to another. 

Transition group A sequence of consecutive elements in the periodic system 
having similar chemical and other properties. Such sequences occur in the Auf - 
bau (building up of atoms), when inner electron shells are being filled while the 
outer (valence) electron structure remains constant. Two notable transition 
groups are the transition metals, between scandium (Z = 21) and nickel 
(Z = 28), and the rare earths, between lanthanum (Z = 57) and lutecium 
(Z = 71). See also Periodic system. 

Transition probability The probability or relative probability that a transition 
between one quantum state and another will take place. Often measured or 
calculated as a probability per unit time. 

Transuranic element An element of larger mass and atomic number than the 
heaviest of the naturally occurring elements (uranium). All such elements are 
relatively short-lived; they are produced in nuclear reaction processes. 

Tunneling The ability of particles to traverse regions in which their kinetic 
energy would have a negative value—impossible in classical mechanics. The 
effect depends on the wave property of particles. 

inty principle This principle, enunciated in 1927 by Werner Heisen- 
berg, asserts the fundamental impossibility of simultaneously obtaining arbi- 
trarily precise measures of particular pairs of quantities, most notably momen- 
tum and position or energy and time, in the description of atomic systems. Also 
known as the indeterminacy principle. 

Uncertainty relations The quantitative expression of the uncertainty principle 
in such inequalities as Ap-Ax 2 h/27, or AE-At = h/27 (where p = momentum, 
x = position, E = energy, t = time, h = Planck’s constant). 

Vacuum fluctuation The existence of a fluctuating electromagnetic field in 
empty space, even in the absence of an applied field, as a result of the quantiza- 
tion of electromagnetic field energy. 

Vacuum polarization A key feature of quantum electrodynamics according to 
which the vacuum is not empty but contains “virtual” electron-positron pairs 
that can be separated (polarized) in the vicinity of a single electron of positive 
energy. See also Quantum electrodynamics. 

Valence The effective number of units of elementary charge 4 ¢) that an atom has 
available in processes of chemical combination or bonding. 

Van der Waals force The basic force between neutral atoms and molecules, 
repulsive at very short distances but attractive at somewhat longer range. First 
explored by J. D. Van der Waals (1837-1923). 

Wave equation A mathematical equation, involving the space and time deriva- 
tives of some variable, whose solutions include the possibility of progressive 
waves. 

Wave function A mathematical function of space and time, usually denoted y 
(psi), that is the solution to Schrédinger’s wave equation in quantum mechanics. 
The square of the magnitude of w was recognized by Max Born in 1926 as a 
measure of the probability of finding a particle at a given point. 

Wave mechanics The form of nonrelativistic quantum theory developed by 
Erwin Schrodinger in 1925, based upon the fact that particles of a given momen- 
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tum p have an equivalent wavelength (the de Broglie wavelength) given by 
A = h/p, where h is Planck’s constant. 

Wave packet A wave disturbance of limited extent in space. It spreads as it 
travels. 

Weak interaction The nuclear interaction that is responsible for the process of 
beta decay. Named in contrast to the “strong interaction,” which is billions of 
times stronger. See also Beta decay; Strong interaction. 

Width Basically, the finite (nonzero) spread in energy of any atomic or nuclear 
state that is not completely stable. The width, usually denoted F, is related to the 
mean lifetime t for decay of a state through the uncertainty relation I” = h/t. See 
also Breit- Wigner formula. 

Xrays A name given to the form of penetrating radiation (discovered by Wilhelm 
Roentgen in 1896) produced when energetic electrons are suddenly brought to 
rest by collision with a “target.” In 1912, X rays were identified as electromag- 
netic waves, similar to light but thousands of times shorter in wavelength (on the 
order of one angstrom). Characteristic X rays are line spectra arising from quan- 
tum jumps of electrons in the inner shells of atoms. 

Zeeman effect The broadening (or splitting into several components) of a single 
spectral line when the source of the light is placed between the poles of a strong 
magnet. The effect was first observed in 1896 by Pieter Zeeman. 

Zero-point energy An amount of energy that is retained by an atomic oscillator 
Gay, a diatomic molecule) even at the absolute zero of temperature, where classi- 
cally all motion would cease. 
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